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SECTION I

INTRODUCTION

High performance aerospace systems are dependent on materials that are lighter, have
improved mechanical properties, and/or offer a cost savings. Aluminum alloys that met these
criteria were the newly developed aluminum-lithium alloys and the second generation powder
metallurgy alloys.

In 1985, the Air Force along with the aerospace community found it important to
investigate the potential of these promising aluminum alloys. A cooperative program was
formed by the Wright Laboratory Materials Directorate, Systems Support Division, and a number
of aerospace industries. The Air Force would obtain the test material from the producers,
compile the test data, and submit reports to the participants. The participants agreed to support
the program by performing mechanical property tests which include tension, compression,
bearing, shear, fracture toughness, and fatigue related properties (S/N, da/dn). The Air Force
elected to perform spectrum fatigue crack growth testing on most alloys. The following table
contains the participants who volunteered to test a particular material. The X's that have a circle
around them indicate the participants that submitted their data to the Air Force. Some
participants were unable to test due to funding cuts or decrease in material interest.

This report contains aluminum-lithium alloys 2091, 8090, 2095, IN905XL and
AL905XL, and powder metallurgy (P/M) aluminum alloys 7064 and CW67. Comparisons to
other materials and ranking of materials are generally avoided, since each potential application
may be based on different evaluation criteria.





SECTION 2

MATERIALS AND TESTS

The advanced aluminum alloys were received on various dates. shown below are the
aluminum alloys and approximate dates received.

Producer Aluminum Alloy Date Received

Alcan 8090-T651 Extrusion Feb 86
8090-18771 Plate May 91

Pechiney 2091-T3 Sheet Jul 86
2091-T351 Plate Jul 86
2091-T6 Forging Jul 86
8090-T651 Extrusion Oct 86

Alcoa 2091-T3 Sheet (0.063") Oct 88
2091-T3 Sheet (o.144") Mar 88
2091-T8 Plate Mar 89
8090 Extrusion Sep 91

INCO IN905XL Forging Jan 87
AL905XL Forging May 89

Reynolds 2095 Plate Feb 91

Kaiser 7064 Extrusion Dec 86
7064 Forging Dec 86

Alcoa CW67 Sheet Apr 89
CW67 Plate Apr 89
CW67 Extrusion Aug 87
CW67 Forging Oct 88

The aluminum-lithium alloys shown in the table above are shown in the as received
condition. Some aerospace companies heat treated the alloys to T8 tempers.

Mechanical properties, (tension, compression, bearing, shear and fracture toughness)
fatigue, and constant amplitude fatigue crack growth tests were tested according to ASTM
standards, unless otherwise specified. Spectrum tests were performed by the Air Force using
FALSTAFF (a severe fatigue environment) and Mini-TWIST (a moderately intense fatigue
environment) spectrums.
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SECI7ON 3

PRESENTATION

Each participant compiled a data package which contained the data they generated.
Some of these data packages contained discussions and in other cases, only the data were
provided. The tensile, compression, bearing, and shear data were put in tabular form. Fracture
toughness, fatigue, fatigue crack growth, and spectrum fatigue crack growth data were put in
tabular and graphical form.
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SECTION 4

RESULTS AND DISCUSSION

The data generated by the participants are contained in the appendices. The following
table lists the producer, aluminum alloy, form and the appendix that the data can be found.

Table
Contents of Appendices

Form Appendix

Pechiney 2091 Plate A
Pechiney 2091 Sheet B
Pechiney 2091 Forging C
Pechiney 8090 Extrusion D
Alcan 8090 Extrusion E
Alcan 8090 Plate F
INCO IN905XL Forging G
INCO AL905XL Forging H
Reynolds 2095 Plate I
Alcoa 2091 Sheet (0.063") J
Alcoa 2091 Sheet (0.144") K
Alcoa 2091 Plate L
Alcoa 8090 Extrusion M
Kaiser 7064 Extrusion N
Kaiser 7064 Forging 0
Alcoa CW67 Sheet P
Alcoa CW67 Plate Q
Alcoa CW67 Extrusion R
Alcoa CW67 Forging S
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SECTION 5

CONCLUSIONS

Nineteen aerospace laboratories participated in generating data on the advanced
aluminum alloys for the Air Force/Industry Cooperative Test Program Advanced Aluminum
Alloys. The data contained in this report provides an extensive data base on the aluminum-
lithium and P/M aluminum alloys.
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APPENDIX A

PECHINEY 2091-T351 AND 2091-TSX PLATE
(0.42" X 39" X 39")

INTRODLUCTION

The Pechiney 2091-T351 0.42-inch plates were received the second quarter of 1986.
Three participants heat treated the plate to a TSX temper:, Northrop - T8 condition was achieved
by aging the 2091 plate at 275o for 12 hours, Grumman (-T8X) at 275-F for 12 hours, and
General Dynamics TX (-T851) at 335a F for 16 hours.

Basic mechanical properties (tension, compression, bearing, etc.) were tested according to
ASTM standards, unless otherwise specified.

Constant amplitude fatigue crack growth tests were conducted according to ASTM E647
standard. The growth rate a-N data that was generated by the participants (Northrop, Grumman,
General Dynamics CA, and Air Force) were reduced using a seven-point incremental polynomial
method. This involves fitting a second-order polynomial (parabola) to sets of seven successive
data points. The data are also checked against requirements per ASTM E647; Section 7.2.
General Dynamics TX performed constant amplitude fatigue crack growth tests using a K-
increasing (load increasing) method.

Spectrum tests were performed by the Air Force using FALSTAFF (a severe fatigue
environment) and Mini-TWIST (a moderately intense fatigue environment) spectrums.
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PECHINEY

2091-T351 PLATE
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TABLE Al

TENSILE RESULTS AT t/2 LOCATION FOR PECHINEY

2091-T351 PLATE (0.42' X 39" X 39")

COMPANY TEST ORIENT- ULTIMATE YIELD ELONG RA E
TEMP ATION STRENGTH STRENGTH (%) WX) (MSI)

(DEGREES F) (KSI) TKSI)

BOEING. WA RT LONG 84.5 51.3 17.0
64.5 51.2 16.0
64.6 51.4 17.0

GENERAL RT LONG 64.3 51.3 10.2 20.2 10.8
DYNAMICS. CA 63.8 53.7 12.4 23.1 10.9

63.9 51.0 12.5 25.8 10.9
84.3 50.8 10.2 20.0 11.4

NADC RT LONG 68.2 55.5 15.0 11.2
67.9 57.0 16.0 10.4
68.2 55.2 15.0 11.7
67.9 56.5 16.0 10.7

NORTHROP RT LONG 86.7 54.7 10.6 18.5 11.3
67.3 55.2 11.0 18.1 11.3
66.9 54.8 11.3 19.5 11.7

MARTIN RT LONG 64.9 52.1 15.0 15.0
MARIETTA. LA 64.5 52.7 14.0 14.0

04.7 52.3 15.0 13.0

AVERAGE 65.9 53.6 13.2 18.6 11.1

STANDARD DEVIATION 1.7 2.1 2.2 3.8 0.4
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TABLE A2

TENSILE RESULTS AT t/2 LOCATION FOR PECHINEY

2091-T351 PLATE (0.42' X 39' X 39")

COMPANY TEST ORIENT- ULTIMATE YIELD ELONG RA E
TEMP ATION STRENGTH STRENGTH (U) (I) (MSI)

(DEGREES F) (KSI) (KSI)
-- --------------------------------------------------------------------
BOEING. WA RT L TRANS 64.5 44.8 20.0

65.3 45.6 18.0
64.8 45.5 19.0

GENERAL RT L TRANS 64.7 46.3 13.8 21.9 11.0
DYNAMICS. CA 64.4 46.5 13.4 24.4 11.1

64.6 46.7 15.9 22.1 10.9
65.2 47.2 14.2 22.2 11.2

NADC RT L TRANS 67.9 50.9 15.0 10.3
66.2 49.9 16.0 11.7
67.3 49.9 16.0 12.2
66.2 49.9 15.0 10.7

NORTHROP RT L TRANS 67.2 49.1 12.1 23.4 11.7
67.7 49.1 12.4 22.0 11.7
67.6 49.0 12.8 24.8 12.3

MARTIN RT L TRANS 65.8 46.6 16.0 15.0
MARIETTA. LA 65.4 46.0 20.0 17.0

65.2 46.6 18.0 15.0

AVERAGE 65.9 47.6 15.0 20.4 11.3

STANDARD DEVIATION 1.2 1.9 2.2 3.3 0.6

10



TABLE A3

COMPRESSION RESULTS AT t/2 LOCATION FOR PECHINEY

2091-T351 PLATE (0.42" X 39" X 39")

COMPANY TEST ORIENTATION COMPRESSIVE COMPRESSIVE
TEMPERATURE YIELD STRENGTH MODULUS
(DEGREES F) (KSI) (KSI)

BOEING. WA RT LONG 42.7
42.8
42.8

GENERAL RT LONG 42.0 11.4
DYNAMICS. CA 41.7 11.8

41.8 11.7

NADC RT LONG 44.7
44.7
42. 3
43.9
45. 5
47.3
47. 3

MARTIN RT LONG 44.5 12.4
MARIETTA. LA

AVERAGE 43.8 11.8

STANDARD DEVIATION 1.9 0.4
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TABLE A4

COMPRESSION RESULTS AT t/2 LOCATION FOR PECHINEY

2091-T351 PLATE (0.42" X 39' X 39*)

COMPANY TEST ORIENTATION COMPRESSIVE COMPRESSIVE
TEMPERATURE YIELD STRENGTH MODULUS
(DEGREES F) (KSI) (KSI)

BOEING. WA RT L TRANS 48.7
48.6
48.8

GENERAL RT L TRANS 41.1 11.4
DYNAMICS. CA 48.4 11.8

48.0 11.7

NADC RT L TRANS 50.9
49.9
49.4
47.2
52.8
47.7
51.7

MARTIN RT L TRANS 51.6 12.5
MARIETTA. LA

AVERAGE 48.9 11.8

STANDARD DEVIATION 2.8 0.5
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TABLE A5

RIVET SHEAR RESULTS FOR PECHINEY

2091-T351 PLATE (0.42' X 39" X 39')

COMPANY ORIENTATION SHEAR
STRENGTH

(KSI)

GENERAL DYNAMICS. CA LONG 34.3
33.9
33. 4

AVERAGE 33.9

STANDARD DEVIATION 0.5

TABLE A6

RIVET SHEAR RESULTS FOR PECHINEY

2091-T351 PLATE (0.42' X 39' X 39')

COMPANY ORIENTATION SHEAR
STRENGTH

(KSI)

GENERAL DYNAMICS. CA L TRANS 32.6
36.6
33.0

AVERAGE 34.1

STANDARD DEVIATION 2.2
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TABLE A7

ANSLER DOUBLE SHEAR RESULTS FOR PECHINKY

2091-T351 PLATE (0.42- X 39- X 39-)

COMPANY ORIENTATION SHEAR
STRENGTH

(KSI)

BOEING. WA L-8 35.2
35.3
35.2

AVERAGE 35.2
STANDARD DEVIATION 0.1

BOEING. WA L-T 38.2
38.0
37.9

AVERAGE 38.0
STANDARD DEVIATION 0.2

BOEING. WA T-S 34.4
34.0
34.5

AVERAGE 34.3
STANDARD DEVIATION 0.3

BOEING. WA T-L 38.0
38.0
37.9

AVERAGE 38.0
STANDARD DEVIATION 0.1
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TABLE AS

BEARING RESULTS FOR PECHINEY

2091-T351 PLATE (0.42" X 39' X 39")

COMPANY ORIENTATION o/D BEARING BEARING
ULT. STR. YIELD STR.

(KSI) (KSI)

BOEING. WA LONG 1.5 88.0 66.4 e
87.0 87.2
90.0 87.2 *

GENERAL LONG 1.5 90.8 81.8
DYNAMICS. CA 89.4 72.0

89.4 70.5

AVERAGE 89.1 70.8

STANDARD DEVIATION 1.4 5.7

(*.) INDICATES SHEAR TEAR OUT FAILURE

TABLE A9

BEARING RESULTS FOR PECHINEY

2091-T351 PLATE (0.42- X 39- X 39")

COMPANY ORIENTATION e/D BEARING BEARINi
ULT. STR. YIELD STE

(KSI) (KSI'
------------------------------------------------------------------------

BOEING. WA L TRANS 1.5 90.9 66.i
90.0 68.4
90.9 87 7

GENERAL L TRANS 1.5 91.9 72 3
DYNAMICS. CA 92.5 71.7

89.7 71.8

AVERAGE 91.0 69.3

STANDARD DEVIATION 1.1 2.9
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TABLE A10

BEARING RESULTS FOR PECHINEY

2091-T351 PLATE (0.42" X 39' X 39")

COMPANY ORIENTATION o/D BEARING BEARING
ULT. STR. YIELD STR.

(KSI) (KSI)

BOEING. WA LONG 2.0 111.0 79.8
111.8 8!.0
110.3 81.5

GENERAL LONG 2.0 113.9 90.8
DYNAMICS. CA 115.8 85.8

113.5 86.4

AVERAGE 112.7 84.2

STANDARD DEVIATION 2.1 4.1

TABLE All

BEARING RESULTS FOR PECHINEY

2091-T351 PLATE (0.42' X 39' X 39")

COMPANY ORIENTATION */D BEARING BEARING
ULT. STR. YIELD STR.

(KSI) (KSI)

BOEING. WA L TRANS 2.0 114.8 82.3
112.6 82.3
115.2 83.2

GENERAL L TRANS 2.0 113.0 87.6
DYNAMICS. CA 114.2 95.1

114.6 87.4

AVERAGE 114.1 86.3

STANDARD DEVIATION 1.0 4.9
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TABLE A12

FRACTURE TOUGHNESS RESULTS FOR PECKINEY

2091-T351 PLATE (0.42" X 39" X 39")

COMPANY ORIENTATION KIC Kq COMMENT
(KSI in^0.5) (KSI in^O.5)

GENERAL L-T 37.0 (1.2.3)
DYNAMICS. CA 34.5 (1.2.3)

35.4 (1.2.3)

NADC L-T 42.6 (1)
42.6 (1)
40.8 (1)
38.6 (1)

AVERAGE 38.5

STANDARD DEVIATION 3.4

(1): INVALID DUE TO Pmax/Pq ) 1.10

(2): INVALID DUE TO a ( 2.5(XQ/Fty)^2

(3): INVALID DUE TO B ( 2.5(KQ/Fty)^2
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TABLE A13

FRACTURE TOUGHNESS RESULTS FOR PECHINEY

2091-T351 PLATE (0.42' X 39" E 39")

COMPANY ORIENTATION KIC Kq COMMENT
(KSI 1n^0.5) (KSI ln^0.5)

GENERAL T-L 38.7 (1.2.3)
DYNAMICS. CA 38.5 (1.2.3)

33.0 (1.2.3)

AVERAGE 36.1

STANDARD DEVIATION 2.9

(1): INVALID DUE TO Pmax/Pq ) 1.10

(2): INVALID DUE TO a ( 2.5(KQ/Fty)'2

(3): INVALID DUE TO B ( 2.5(KQ/Fty)^2
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R-CURVE FOR 2091 PLATE (longitudinal)
(effective crack length adjusted lot plaic zone)
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HALF EFFECTIVE CRACK LENGTH. As (Ae.Ao.Ap~rho) in inches

Figure Al R-Curve Results for 2091-T351 0.42" Plate (longitudinal).
Martin M4arietta LA.

R-CURVE FOR 2091 PLATE (transverse)
(effective crack length adjusted for plastic zone)
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Figure A2 R-Curve Results for 209l-T351 o.42" Plate (transverse).
Martin Marietta LA.
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R-CURVE FOR 2091 PLATE (Iongitl,.I,,1l)
10o
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toa

60 a
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HALF CRACK LENGTH, inches

Figure A3 R-Curve Results for 2091-T351 0.42" Plate (longitudinal).
Martin Marietta LA.

R-CURVE FOR 2091 PLATE (transverse)
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FigureA4 R-Curve Results for 2091-T351 0.42" Plate (transverse).
Martin Marietta LA.
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TABLE A14

DATA FOR SPECIMEN NO. 1/ 2091

LONGITUDINAL PLATE

I T I
Nal f I Corresponding Fracture

Half Crack Crack Length, I Toughness, ksi /1n~h
Load, kips Length (c + rho) I justed N Adjusted for

(c) inch inch I I PlasticityI I _ _ _ _ _ _ I __ _ _ I_ _ _ _

0.00 1.2U2 1.202 I 0.0 I 0.0
2G.14 1.217 1.229 J 12.44 I 14.57
40.32 1.257 1.310 I 25.41 I 30.34
50.22 I 1.282 I 1.369 I 32.05 38.8
60.00 1.292 1.422 I 38.48 47.34
69.98 1.297 1.491 I 44.99 57.88
79.84 1.297 1.567 I 51.33 68.3
89.98 1.312 1.711 I 58.28 82.93
94.90 1.342 1.857 I 62.38 94.28

Thickness , .420 inch
Yield z 52.4 ksi
Specimen Width z 7.00 inch
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TABLE A15

DATA FOR SPECIMEN NO. 2 2091

LONGITUDINAL PLATE

II
I I alf Corresponding Fracture
I Half Crack ICrack Length, I Toughness, ksl /T-M

Load, kips I Length (c + rho) T iotA-dJusted I Adjusted for
I (c) inch Inch I Plasticity

r T

0.0 1 1.100 1.100 1 0.0 0.0
12.54 1.100 1.104 8.45 7.93
20.3 1.100 1.110 13.68 12.84
30.09 1.145 1.171 20.80 21.06
40.17 1.165 1.213 28.08 28.71
b4.79 1.165 1.257 38.30 39.89
bO.16 1.16b 1.278 42.06 44.16
69.79 1 1.165 1.329 48.79 53.14
75.44 1 1.175 1.375 53.03 58.74
83.47 1.180 1.440 58.84 66.95
90.09 1.190 1.522 63.86 75.72
95.15 1.200 I 1.bOO 67.82 82.82
98.00 1 1.215 1.673 70.43 88.90
99.16 b 1.245 1.750 72.43 93.30
93.45 1.400 1.958 74.14 98.06

Thickness a .420 inch
Yiela a 52.4 KSi
Specimren Wiath a 7.00 inch
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TABLE A16

DA1A FOR SPECIMEN NO. 3, 2091

TRANSVERSE PLATE

I I T
Half I Corresponding Frarture

Half Crack Crack Length, I Toughness, ksl /•/nch
Load, kips Length (c + rho) 1NWAtJu~ed AdAdusted for

(c) inch I inch I I Plasticity1 T
0.0 1 1.100 1.100 0.0 0.0
9.93 1 1.110 1.113 6.73 6.31

19.81 I 1.115 1.127 13.46 12.61
20.65 1 1.135 1.167 20.38 20.69
39.73 1 1.160 1.220 27.70 28.46
49.74 1 1.205 1 1.307 35.50 37.13
59.86 1 1.210 1.364 42.90 45.68
69.8b 1 1.210 1.444 50.06 56.26
79.58 1.21 5 1.561 57.39 68.41
65.32 1.215 1.639 61.32 75.71
88.14 I 1.230 I1.728 63.87 82.05
91.82 1 1.280 1.872 66.82 o90.59
91.79 1 1.305 1.973 68.35 96.81
90.8o 1 1.340 2.090 69.83 1 103.00

Tnickness a .420 inch
Yield a 42.4 ksi
Specimen 6ioar, = 7.00 inch

23



TABLE A17

FATIGUE RESULTS WITH 2=0.1 AND Kt-l.O FOR

PECHINEY 2091-T351 PLATE (0.42' X 39" X 39")

COMPANY ORIENTATION STRESS CYCLES
(KSI)

----------------------------------------------------------------------

NADC LONG 60.0 28.300
00.0 29.800
50.0 72.400
50.0 87.000
45.0 395.500
45.0 779.200
40.0 1.47E+06
40.0 2.00E-06
35.0 1.I1E.07
32.5 1.OOE-08 *

(*): RUN OUT
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Figure A6 Crack Length Versus qlights for 209I-T351 Plate Under
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3. 000

20g1 -T351
PLATES2.500 LT

200 LAB AIR

MINI-TWIST
a MAX STRESS - 26 KS(1

2.000 SPEC. 1.D. , P-3

-' 1.500 *

U*0

1.00000

1.000 *o

0.500
0 5000 10000 15000 20000 25000 30000

FLIGHTS
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PECHINEY

2091-T8X PLATE
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TABLE AIS

TENSILE RESULTS AT t/2 LOCATION FOR PECHINEY

2091-TSX PLATE (0.42' X 39' X 39")

COMPANY TEST ORIENT- ULTIMATE YIELD ELONG RA E
TEMP ATION STRENGTH STRENGTH (X) (X) (MSI)

(DEGREES F) (KSI) (KSI)

NORTHROP RT LONG 71.4 60.8 10.0 16.0 11.5
71.5 59.9 12.0 16.0 11.4
71.8 61.1 11.0 16.0 11.4
71.5 60.4 10.0 11.4
72.0 60.4 11.0 .11.4
72.0 80.6 9.0 11.5

GRUMMAN RT LONG 88.7 58.2 6.0 6.2 11.8
70.0 58.2 8.5 9.2 11.9
87.6 58.4 6.5 8.8 11.1

GENERAL RT LONG 72.8 80.6 8.0
DYNAMICS. TX 72.5 60.8 7.3

AVERAGE 71.1 59.9 9.0 11.7 11.5

STANDARD DEVIATION 1.8 1.1 2.0 4.8 0.2
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TABLE A19

TENSILE RESULTS AT t/2 LOCATION FOR PECHINEY

2091-T8X PLATE (0.42' X 39" X 39")

COMPANY TEST ORIENT- ULTIMATE YIELD ELONG RA E
TEMP ATION STRENGTH STRENGTH (H) (•) (MSI)

(DEGREES F) (KSI) (1SI)
-----------------------------------------------------------------------
NORTHROP RT L TRANS 72.4 54.8 12.0 17.4 11.5

72.5 55.0 12.0 17.8 11.6
72.4 55.0 12.0 18.5 11.4
69.2 51.1 15.0 11.4
69.5 51.2 17.0 11.2
89.1 50.9 18.0 11.8

GRUMMAN RT L TRANS 69.5 53.0 13.5 22.3 11.5
89.0 51.1 13.0 18.8 13.0
69.1 53.0 13.5 17.8 13.4

GENERAL RT L TRANS 71.8 55.9 11.0
DYNAMICS, TX 72.0 55.9 11.0

AVERAGE 70.8 53.4 13.3 18.4 11.9

STANDARD DEVIATION 1.8 2.0 2.0 2.0 0.8
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TABLE A20

TENSILE RESULTS AT t/2 LOCATION FOR PECHINEY

2091-T8X PLATE (0.42" X 39" X 39")

COMPANY TEST ORIENT- ULTIMATE YIELD ELONG RA E
TEMP ATION STRENGTH STRENGTH WI) (I) (Idl)

(DEGREES F) (KSI) (KSI)
-----------------------------------------------------------------------
GRUMMAN RT 45 83.9 45.8 21.0 29.7 11.2

62.5 45.7 21.5 27.2 11.1
82.9 45.3 20.5 28.7 11.1

AVERAGE 63.1 45.a 21.0 28.5 11.1

STANDARD DEVIATION 0.7 0.3 0.5 1.3 0.1
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TABLE A21

TENSILE RESULTS AT t/10 LOCATION FOR PECHINEY

2091-T8X PLATE (0.42- X 39- X 39-)

COMPANY TEST ORIENT- ULTIMATE YIELD ELONG RA z
TEMP ATION STRENGTH STRENGTH (HSI) ()) (18)

(DEGRZES F) (rSI) •(,SI)

NORTHROP RT LONG 71.6 60.0 10.0 11.3
71.2 59.9 10.0 11.5
71.4 60.4 10.0 11.1

AVERAGE 71.4 60.1 10.0 11.3

STANDARD DEVIATION 0.2 0.3 0.0 0.2

TABLE A22

TENSILE RESULTS AT t/10 LOCATION FOR PECHINEY

2091-T8X PLATE (0.42" X 39" X 39")

COMPANY TEST ORIENT- ULTIMATE YIELD ELONG RA E
TEMP ATION STRENGTH STRENGTH (%) (%) (SI)

(DEGREES F) (KSI) (KSI)

NORTHROP RT L TRANS 69.6 51.2 18.0 11.1
69.3 51.1 16.0 11.6
69.7 51.4 15.0 11.4

AVERAGE 69.5 51.2 16.3 11.4

STANDARD DEVIATION 0.2 0.2 1.5 0.3
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TABLE A23

TENSILE RESULTS AT t/2 LOCATION WITH 100 HOURS EXPOSURE FOR

PECHINEY 2091-TSX PLATE (0.42" X 39- X 39")

COMPANY TEST EXPOSURE ORIENT- ULTIMATE YIELD ELONG RA
TEMP TEMP ATION STRENGTH STRENGTH (Z) (X)

(DEGREES F) (DEGREES F) (KSI) (KSI)

NORTHROP RT 300 LONG 77.7 65.8 9.0 12.3
77.7 05.9 9.0 11.6

350 LONG 75.8 70.6 7.0 15.9
76.1 70.7 7.0 18.9

375 LONG 71.3 64.7 7.0 18.5
71.6 64.8 7.0 18.1

400 LONG 88.9 58.1 7.0 18.5
88.7 58.0 7.0 18.1
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TABLE £24

COMPRESSION RESULTS AT t/2 LOCATION FOR PECHINEY

2091-TBX PLATE (0.42" X 39* X 39*)

COMPANY TEST ORIENTATION COMPRESSIVE COMPRESSIVE
TEMPERATURE YIELD STRENGTH MODULUS
(DEGREES F) (KSI) (KSI)

---------------------------------------------------------------------
NORTHROP RT LONG 48.8

48.3
48.8

GRUMMAN RT LONG 48.1 11.9
50.5 11.5
48.4 11.1

GENERAL RT LONG 48.8
DYNAMICS. TX 49.2

AVERAGE 48.8 11.5

STANDARD DEVIATION 0.8 0.4
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TABLE A25

COMPRESSION RESULTS AT t/2 LOCATION FOR PECHINEY

2091-TSX PLATE (0.42' X 39" X 39")

COMPANY TEST ORIENTATION COMPRESSIVE COMPRESSIVE
TEMPERATURE YIELD STRENGTH MODULUS
(DEGREES F) (KSI) (KSI)

------------------------------------------------------------------------
NORTHROP RT L TRANS 57.8

57.4
57.5

GRUMMAN RT L TRANS 58.3 11.9
58.2 11.2
58.9 11.8

GENERAL RT L TRANS 57.5
DYNAMICS. TX 60.9

AVERAGE 58.3 11,5

STANDARD DEVIATION 1.2 0.3

TABLE A26

COMPRESSION RESULTS AT t/2 LOCATION FOR PECHINEY

2091-TSX PLATE (0.42" X 39' X 39')

COMPANY TEST ORIENTATION COMPRESSIVE COMPRESSIVE
TEMPERATURE YIELD STRENGTH MODULUS
(DEGREES F) (KSI) (KSI)

GRUMMAN RT 45 49.5 11.3
48.6 11.4
49.8 10.8

AVERAGE 49.2 11.2

STANDARD DEVIATION 0.8 0.3
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TABLE A27

RIVET SHEAR RESULTS FOR PECHINZY

2091-TSX PLATE (0.42- X 39- X 39-)

COMPANY ORIENTATION SHEAR
STRENGTH

(KSI)

NORTHROP L-S 35.9
35.9
35.9

GRU)M•AN L-S 36.4
38.0
37.8

AVERAGE 36.6

STANDARD DEVIATION 1.0

TABLE A28

RIVET SHEAR RESULTS FOR PECHINEY

2091-TSX PLATE (0.42" X 39" X 39")

COMPANY ORIENTATION SHEAR
STRENGTH

(KSI)

NORTHROP T-S 33.5
33.5
33.9

GRUMMAN T-S 34.6
35.9
37.2

AVERAGE 34.8

STANDARD DEVIATION 1.5
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TABLE A29

SLOTTED SHEAR RESULTS FOR PECHINEY

2091-TSX PLATE (0.42" X 39" X 39")

COMANY ORIENTATION SHEAR
STRENGTH

(KSI)

GENERAL LONG 41.3
DYNAMICS. TX 40.9

AVERAGE 41.1

STANDARD DEVIATION 0.3

TABLE A30

SLOTTED SHEAR RESULTS FOR PECHINEY

2091-TSX PLATE (0.42" X 39" X 39")

COMPANY ORIENTATION SHEAR
STRENGTH

(XSI)

GENERAL L TRANS 42.6
DYNAMICS. TX 43.4

AVEP'GE 43.0

STANDARD DEVIATION 0.6
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TABLE A31

BEARING RESULTS FOR PECHINEY

2091-TSX PLATE (0.42" X 39" X 39")

COMPANY ORIENTATION o/D BEARING BEARING
ULT. 8TR. YIELD STR.

(KSI) (KSI)

NORTHROP LONG 1.5 93.0 73.0
89.8 71.8
92.6 73.7

GRUMMAN LONG 1.5 92.9 71.9
93.8 73.0
93.4 72.1

GENERAL LONG 1.5 117.0 93.0
DYNAMICS. TX 112.0 91.4

AVERAGE 98.0 77.5

STANDARD DEVIATION 10.3 9.1
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TABLE A32

BEARING RESULTS FOR PECHINEY

2091-TOX PLATE (0.42" X 39' X 39")

COMPANY ORIENTATION /1D BEARING BEARING
ULT. STR. YIELD STR.

(KSI) (KSI)
-------------------------------------------------------------------------

NORTHROP L TRANS 1.5 99.3 75.5
98.9 76.0
97.9 74.2

GRUMMAN L TRANS 1.5 94.9 73.0
91.9 70.1
92.8 71.0

GENERAL L TRANS 1.5 97.0 79.1
DYNAMICS. TX 97.8 80.5

AVERAGE 90.3 74.9

STANDARD DEVIATION 2.8 3.8
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TABLE £33

BEARING RESULTS FOR PECHINEY

2091-TSX PLATE (0.42' X 39' X 39")

COMPANY ORIENTATION 91/D BEARING BEARING
ULT. STR. YIELD STR.

(KSI) (KSI)

NORTHROP LONG 2.0 119.4 88.8
118.9 87.8
118.6 86.4

GRUMMAN LONG 2.0 113.0 85.8
115.5 86.9
114.2 87.1

GENERAL LONG 2.0 123.0 91.3
DYNAMICS. TX 122.0 94.0

AVERAGE 118.1 88.2

STANDARD DEVIATION 3.6 2.9
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TABLE A34

BEARING RESULTS FOR PECHINEY

2091-TSX PLATE (0.42" X 39* X 39*)

COMPANY ORIENTATION o/D BEARING BEARING
ULT. STR. YIELD STR.

(KSI) (KSI)

NORTHROP L TRANS 2.0 123.9 90.7
124.2 94.2
124.1 92.1

GRUMMAN L TRANS 2.0 115.6 88.2
117.5 89.5
114.9 88.9

GENERAL L TRANS 2.0 99.3 82.7
DYNAMICS. TX 103.0 85.3

AVERAGE 115.3 89.0

STANDARD DEVIATION 9.6 3.7
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TABLE £35

FRACTURE TOUGHNESS RESULTS FOR PECHINEY

2091-TSX PLATE (0.42' X 39" X 39*)

COMPANY ORIENTATION KIC Kq COMMENT
(KSI 1n'0.5) (KSI 1n'0.5)

NORTHROP L-T 27.0 VALID
28.0 VALID

GRUMMAN L-T 40.1 INVALID(1)
43.2 INVALID(1.2)
39.5 INVALID(1.2)

GENERAL L-T 29.9 INVALID(2.3.4)
DYNAMICS. TX 29.0 INVALID(2.3.4)

AVERAGE 27.5 36.3

STANDARD DEVIATION 0.7 6.5

(1): 2.5(Kq)-2/(YS)-2 > B
(2): Pmax/Pq ) 1.10
(3): INSUFFICIENT THICKNESS
(4): CRACK CURVATURE ) 5%
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TABLE A38

FRACTURE TOUGHNESS RESULTS FOR PECHINEY

2091-TSX PLATE (0.42" X 39" X 39")

COMPANY ORIENTATION KIC Kq COMMENT
(KSI inO0.5) (KSI in'0.5)

NORTHROP T-L 29.8 VALID
28.5 VALID

GRUMMAN T-L 40.5 INVALID(1)
43.2 INVALID(1,2)
38.2 INVALID(1.2)

GENERAL T-L 27.1 INVALID(2.3)
DYNAMICS. TX 27.0 INVALID(2.3.4)

AVERAGE 29.2 35.2

STANDARD DEVIATION 0.9 7.6

(1): 2.5(Kq)'2/(YS)P2 > B
(2): Pmax/Pq > 1.10
(3): INSUFFICIENT THICKNESS
(4): CRACK CURVATURE ) 5%
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TABLE A37

General Dynamics, Texas

Pechiney 2091-TSX Plate
(0.42" X 39" X 39")

Results of R-Curve Tests

KR25 ,ksi-in½

L-T 48.3

L-T 5n.?
T-L 43.2

T-L 43.2
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TABLE A38

SMOOTH FATIGUE RESULTS WITH 1-0.1 AND Ktal.0 FOR

PECHINEY 2091-TSX PLATE (0.42" X 39' X 39')

COMPANY ORIENTATION STRESS CYCLES
(KSI)

-----------------------------------------------------------------------
NORTHROP LONG 60.0 31.299

50.0 84.556
45.0 135.397
45.0 140.237
40.0 242.930
37.5 1.386.890
37.5 934.697
35.0 2.000.000 *

('): INDICATES RUN-OUT TEST
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TABLE A39

NOTCHED FATIGUE RESULTS WITH R=0.1 AND Kt-3.0 FOR

PECHINEY 2091-TSX PLATE (0.42' X 39' X 39")

COMPANY ORIENTATION STRESS CYCLES
(KSI)

-----------------------------------------------------------------------
NORTHROP LONG 45.0 13.635

40.0 26.179
35.0 48.930
30.0 216.538
27.5 257.234
27.5 193.418
25.0 474.737
23.0 940.075

(*): INDICATES SLANT FAILURE
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APPENDIX B

PECHINEY 2091-T3 AND 2091-T8X
(0.063" X 79" X 39)

INTRODUCT10N

The Pechiney 2091-T3 0.063-inch sheets were received the second quarter of 1986.
Three participants heat treated the 2091-T3 to a T8X temper. Grumman Aircraft Systems and
Northrop Corporation achieved the T8 condition by aging the 2091 sheet at 275oF for 12 hours
(recommended by the producer of this alloy). General Dynamics Fort Worth Division aged the
2091 sheet at 3350F for 32 hours achieving the T81 condition.

Basic mechanical properties (tension, compression, bearing, etc.) were tested according to
ASTM standards, unless otherwise specified.

Constant amplitude fatigue crack growth tests were conducted according to ASTM E647
standard. The growth rate a-N data that was generated by the participants (Grumman,
McDonnell Aircraft Co., and Northrop) were reduced using a seven-point incremental
polynomial method. This involves fitting a second-order polynomial (parabola) to sets of seven
successive data points. The data are also checked against size requirements per ASTM E647,
Section 7.2. General Dynamics, TX performed constant amplitude fatigue crack growth tests
using a K-increasing (load increasing) method.
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2091-T3 SHEET

(0.063"x79"x79")
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TABLE B1

TENSILE RESULTS FOR PECHINEY

2091-T3 SHEET (0.063" X 79" X 39")

COMPANY TEST ORIENT- ULTIMATE YIELD ELONG RA z
TEMP ATION STRENGTH STRENGTH (%) (%) (MSI)

(DEGREES F) (KSI) (KSI)

BOEING RT LONG 57.0 41.3 13.0
58.1 41.2 20.0
58.0 41.2 22.0

LTV RT LONG 58.8 21.5
58.6 39.0 21.0 10.7
58.2 39.4 19.5 11.0

GENERAL RT LONG 56.7 41.1 20.0 10.7
DYNAMICS, 55.9 40.3 20.0 10.7
CALIF. 56.5 41.7 18.5 10.7

NORTHROP 58.5 42.3 16.9
58.9 42.1 16.9
59.0 42.5 16.9

MCAIR RT LONG 57.5 42.6 19.0 12.0
57.0 42.4 16.0 12.1
57.5 42.4 23.0 12.2

MARTIN RT LONG 56.1 39.4 18.0 27.0
MARIETTA, 57.6 40.8 20.0 21.0
LOUISIANA 59.2 42.5 22.0 25.0

AVERAGE 57.7 41.3 19.1 24.3 11.3

STANDARD DEVIATION 1.0 1.2 2.5 3.1 0.7
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TABLE 82

TENSILE RESULTS FOR PECHINKY

2091--T3 SHEET (0.063- X 79- X 39-)

COMPANY TEST ORXENT- ULTIMATE YIELD ELONG RA z
TEMP ATION STRENGTH STRENGTH (0) (0) (NSI)

(DEGREES F) (15t) (181)
--- ----------------------------------- --------------------------------
DOZING RT L TRANS 60.8 41.5 16.0

61.4 41.5 17.0
60.8 41.6 16.0

NORTHROP RT L TRANS 62.0 41.9 17.0
62.7 41.6 16.8
62.0 42.0 17.1

LTV RT L TRANS 61.7 40.0 17.0 10.7
61.6 39.9 18.5 10.6
61.9 39.3 16.5 11.0

GENERAL RT L TRANS 60.0 41.3 22.0 10.9
DYNAMICS, 60.2 41.2 21.0 10.9
CALIF. 59.7 41.4 20.0 10.9

MCAIR RT L TRANS 62.0 42.2 17.0 12.0
60.5 42.7 17.0 12.0
60.5 41.9 18.0 12.1

MARTIN RT L TRANS 60.8 41.2 17.0 27.0
MARIETTA, 60.5 40.8 16.0 21.0
LOUISIANA 60.3 40.9 16.0 24.0

AVERAGE 61.1 41.3 17.6 24.0 11.2

STANDARD DEVIATION 0.9 0.9 1.8 3.0 0.6
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TABLE B3

COMPRESSION RESULTS FOR PECHINEY

2091-T3 SHEET (0.063" X 79" X 39")

COMPANY TEST ORIENTATION COMPRESSIVE COMPRESSIVE
TEMPERATURE YIELD STRENGTH MODULUS
(DEGREES F) (KSI) (KSI)

BOEING RT LONG 39.4
39.6
39.9

LTV RT LONG 41.4 10.6
41.4 10.6

GENERAL RT LONG 38.7 11.7
DYNAMICS, 38.9 12.0
CALIF. 39.1 12.0

AVERAGE 39.8 11.4

STANDARD DEVIATION 1.0 0.7

TABLE B4

COMPRESSION RESULTS FOR PECHINEY

2091-T3 SHEET (0.063" X 79" X 39")

COMPANY TEST ORIENTATION COMPRESSIVE COMPRESSIVE
TEMPERATURE YIELD STRENGTH MODULUS
(DEGREES F) (KSI) (KSI)

BOEING RT L TRANS 44.6
44.7
44.5

LTV RT L TRANS 45.9
45.2
45.3

GENERAL RT L TRANS 42.7 11.8
DYNAMICS, 44.3 11.5
CALIF.

AVERAGE 44.7 11.7

STANDARD DEVIATION 1.0 0.2
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TABLE 8S

PUNCH SHEAR RESULTS FOR PECHINEY

2091-T3 SHEET (0.063" X 79" X 39")

COMPANY ORIENTATION SHEAR

STRENGTH

(ESI)

BOEING s TRANS 36.0
36.5
36.0

AVERAGE 36.2

STANDARD DEVIATION 0.3

TABLE B6

SLOTTED SHEAR RESULTS FOR PECHINEY

2091-T3 SHEET (0.063" X 39" X 39")

COMPANY ORIENTATION SHEAR
STRENGTH

(KSI)
--- ------------------------------------------------------------------
BOEING LONG 39.8

39.0
36.9

LTV LONG 38.3
38.6
37.9

MCAIR LONG 38.1
37.9
38.2

AVERAGE 38.3

STANDARD DEVIATION 0.8
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TABLE B7

SLOTTED SHEAR RESULTS FOR PECHINEY

2091-T3 SHEET (0.063" X 39" X 39")

COMPANY ORIENTATION SHEAR
STRENGTH

(KSI)

BOEING T - L 36.8
40.1
36.4

LTV T - L 40.0
40.5
40.5

NCAIR T - L 39.2
37.9
39.0

AVERAGE 38.9

STANDARD DEVIATION 1.5
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TABLE a8

BEARING RESULTS FOR PECHINEY

2091-T3 SHEET (0.063- X 79- X 39-)

COMPANY ORIENTATION O/D BEARING BEARING
ULT. 8TR. YIELD STR.

(KSI) (KSI)

BOEING LONG 1.5 88.9 61.4
90.2 63.0
90.3 63.5

LTV LONG 1.5 90.4 58.9
88.5 61.2
89.3 61.4

GENERAL LONG 1.5 88.6 66.6
DYNAMICS, 88.1 64.0
CALIF. 90.0 64.0

AVERAGE 89.4 62.7

STANDARD DEVIATION 0.9 2.2

TABLE B9

BEARING RESULTS FOR PECHINEY

2091-T3 SHEET (0.063- X 79- X 39-)

COMPANY ORIENTATION O/D BEARING BEARING
ULT. STR. YIELD STR.

(KSI) (KSI)
---- ----------------------------------------------------------------
BOEING L TRANS 1.5 92.9 62.6

93.1 63.3
93.1 63.3

LTV L TRANS 1.5 91.0 60.5
92.1 59.7
92.2 61.8

GENERAL L TRANS I.5 90.3 65.7
DYNAMICS, 88.5 62.3
CALIF. 87.9 64.0

AVERAGE 91.2 62.6

STANDARD DEVIATION 2.0 1.8
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TABLE 310

BEARING RESULTS FOR PICHINEY

2091-T3 SHEET (0.063- X 79- X 39-)

COMPANY ORIENTATION o/D BEARING BEARING
ULT. STR. YIELD STR.

(1S) (KS)
-- ------------------------------------------------- ---------------
BOEING LONG 2.0 115.2 75.6

115.8 76.1
115.3 76.2

LTV LONG 2.0 111.6 77.3
111.0 76.4
112.5 76.9

GENERAL LONG 2.0 115.6 76.8
DYNAMICS, 114.3 73.2
CALIF.

MCAIR LONG 2.0 73.5
73.9

AVERAGE 113.9 75.6

STANDARD DEVIATION 1.9

TABLE 311

BEARING RESULTS FOR PECHINEY

2091-T3 SHEET (0.063" X 79- X 39")

COMPANY ORIENTATION O/D BEARING BEARING
ULT. STR. YIELD STR.

(181) (181)

BOEING L TRANS 2.0 118.8 76.S
115.2 75.4

LTV L TRANS 2.0 111.1 75.9
114.1 78.8
116.0 75.1

GENERAL L TRANS 2.0 120.6 76.8
DYNAMICS, 115.9 81.8
CALIF. 111.7 80.3

MCAIR L TRANS 2.0 76.5
72.7

AVERAGE 115.4 77.0

STANDARD DEVIATION 3.2 2.7

69



TABLE B12

Guwera. Dwawnics, CA

ASTM ES61 R Curve CCT Al-Li B-5-LT-1

W= 3.994 in Fty = 41.10 ksi
B= 0.0644in Pmax= 75401b
a = 1.255 in

.12 = 0.6275 in

Loads
aeff 5000 7540 1000 Load a haif a pludc aeff K
0.6 28 43 537 U U.67.75 UNDO0 u0.675 0-
0.6 29 44 58 200 0.7225 0.0002 0.7227 1
0.7 30 45 59 600 0.7225 0.0014 0.7239 4
0.7 30 46 61 1000 0.7225 0.0038 0.7263 6
0.7 31 47 62 1400 0.7225 0.0075 0.7300 9
0.7 32 48 64 1800 0.7225 0.0124 0.7349 12
0.8 33 49 65 2200 0.7225 0.0186 0.7411 14
0.8 33 51 67 2600 0.7225 0.0259 0.7484 17
0.8 34 52 69 2800 0.7250 0.0302 0.7552 18
0.8 35 53 70 3200 0.7250 0.0395 0.7645 21
0.9 36 54 72 3600 0.7250 0.0499 0.7749 24
0.9 37 55 73 4000 0.7275 0.0619 0.7894 27
0.9 38 57 75 4400 0.7275 0.0750 0.8025 30
0.9 38 58 77 4600 0.7275 0.0819 0.8094 32
1.0 39 59 78 4800 0.7300 0.0896 0.8196 33
1.0 40 60 80 5200 0.7300 0.1052 0.8352 37
1.0 41 62 82 5600 0.7300 0.1220 0.8520 40
1.0 42 63 84 5800 0.7300 0.1309 0.8609 42
1.1 43 65 86 6000 0.7450 0.1440 0.8890 45
1.1 4 66 88 6200 0.7450 0.1538 0.8988 46
1.1 45 68 90 6400 0.7600 0.1685 0.9285 49

6800 0.7600 0.1902 0.9502 53
7000 0.7700 0.2053 0.9753 56
7200 0.7700 0.2 172 0.9872 58
7400 0.7850 0.2359 1.0209 62

Kc - 61.8 Ksl -i.
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TA= B13

rera1 DAmuicu, CA

ASTM ES61 R Curve CCT Al-Li B-5-LT-2

W= 3.995 in Fty= 41.10 ksi
B= 0.0647in Pmax= 72501b
a = 1.255 in

a*2 = 0.6275 in

Loads
a eff 5000 725 10000 La lsi f
0.6 28 41 00
0.6 29 42 58 200 0.7250 0.0002 0.7252 1
0.7 30 43 59 600 0.7250 0.0014 0.7264 4
0.7 30 44 61 1000 0.7250 0.0038 0.7288 6
0.7 31 45 62 1400 0.7250 0.0075 0.7325 9
0.7 32 46 64 1800 0.7250 0.0124 0.7374 12
0.8 33 47 65 2200 0.7250 0.0185 0.7435 14
0.8 33 48 67 2600 0.7250 0.0258 0.7508 17
0.8 34 49 68 2800 0.7250 0.0299 0.7549 18
0.8 35 51 70 3200 0.7250 0.0391 0.7641 21
0.9 36 52 71 3600 0.7250 0.0494 0.7744 24
0.9 36 53 73 4000 0.7275 0.0613 0.7888 27
0.9 37 54 75 4200 0.7275 0.0676 0.7951 29
0.9 38 55 76 4400 0.7300 0.0746 0.8046 30
1.0 39 57 78 4600 0.7300 0.0815 0.8115 32
1.0 40 58 80 4800 0.7300 0.0887 0.8187 33
1.0 41 59 82 5200 0.7300 0.1041 0.8341 37
1.0 42 60 83 5600 0.7300 0.1208 0.8508 40
1.1 43 62 85 5800 0.7300 0.1296 0 .8596 42
1.1 63 87 6000 0.7300 0.1387 0.8687
1.1 45 65 89 6200 0.7325 0.1488 0.8813 46

6400 0.7325 0.1585 0.8910 47
6800 0.7375 0.1806 0.9181 52
7000 0.7450 0.1941 0.9391 54
7200 0.7550 0.2092 0.9642 57

Kc - 56.9 Kai In
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TABLE B14

Gmmral Dnmwdmcs, CA

ASTM ES61 R Curve CCr Al-Li B-5-LT-3

Ws 3.992 in Fty = 41.10 ksi
B a 0.0642 in Pmsx= 5875 Ib
a= 1L2600 in

W2 = 0.6300 in

aeff 4000 5875 8000
0.6 23 33 45 U 0.13000.DO(X).6300O0
0.67 23 34 47 200 0.7275 0.0002 0.7277 1
0.7 24 35 48 600 0.7275 0.0014 0.7289 4
0.7 24 36 49 I000 0.7275 0.0039 0.7314 6
0.7 25 37 so 1400 0.7275 0.0076 0.7351 9
0.7 26 38 51 1800 0.7275 0.0126 0.7401 12
0.8 26 39 53 2000 0.7275 0.0156 0.7431 13
0.8 27 40 54 2200 0.7275 0.0189 0.7464 14
0.8 28 40 55 2600 0.7275 0.0264 0.7539 17
0.8 28 41 56 3000 0.7275 0.0351 0.7626 20
0.9 29 42 58 3400 0.7275 0.0451 0.7726 23
0.9 29 43 59 3800 0.7275 0.0563 0.7838 26
0.9 30 44 60 4200 0.7275 0.0688 0.7963 29
0.9 31 45 62 4400 0.7275 0.0755 0.8030 30
1.0 31 46 63 4600 0.7275 0.0825 0.8100 32
1.0 32 47 64 4800 0.7275 0.0899 0.8174 34
1.0 33 48 66 5000 0.7275 0.0975 0.8250 35

5.00 0.7275 0.1055 0.8330 37
5400 0.7275 0.1137 0.8412 39
5600 0.7275 0.1223 0.8498 40
5800 0.7275 0.1312 0.8587 42

it!- %." ,..,,A Specimen failed

in doubler region
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ZUW B15

General Dynmics, CA

ASTM ES61 R Curve CCT AI-Li B-5-TL-1

W = 3.995 in Fty = 41.10 ksi
Bf= 0.0649in Pmaxff 72901b
a = 1.25 in

*/2-- 0.625 in

Loads
a eff 5000 7290 10000 Loa a(half) a L0mas aeff K
0.6 28 41 0 0.6250 0.0000 0.6250 0
0.6 29 42 58 200 0.7400 0.0002 0.7402 1
0.7 30 43 59 600 0.7400 0.0014 0.7414 4
0.7 30 44 60 1000 0.7400 0.0039 0.7439 6
0.7 31 45 62 1400 0.7400 0.0076 0.7476 9
0.7 32 46 63 1600 0.7425 0.0100 0.7525 10
0.8 32 47 65 2000 0.7425 0.0157 0.7582 13
0.8 33 48 66 2400 0.7425 0.0226 0.7651 16
0.8 34 50 68 2800 0.7425 0.0307 0.7732 19
0.8 35 51 70 3200 0.7425 0.0401 0.7826 21
0.9 36 52 71 3600 0.7425 0.0508 0.7933 24
0.9 36 53 73 4000 0.7425 0.0627 0.8052 27
0.9 37 54 74 4400 0.7425 0.0759 0.8184 30
0.9 38 55 76 4600 0.7425 0.0829 0.8254 32
1.0 39 57 78 4800 0.7450 0.0907 0.8357 34
1.0 40 58 80 5000 0.7475 0.0989 0.8464 35
1.0 41 59 81 5200 0.7525 0.1079 0.8604 37
1.0 42 61 83 5600 0.7525 0.1252 0.8777 41
1.1 43 62 85 6000 0.7525 0.1437 0.8962 44
1.1 44 63 87 6200 0.7550 0.1542 0.9092 47
1.1 45 65 89 6400 0.7575 0.1650 0.9225 49

6600 0.7575 0.1755 0.9330 51
6800 0.7625 0.1881 0.9506 53
7000 0.7625 0.1993 0.9618 55
7200 0.7950 0.2238 1.0188 60

Kc - 59.6 Ksi41-Tn
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TABLE B16

General Dyrwmics, CA

ASTM E561 R Curve CCT Al-Li B-5-TL-2

W= 3.992 in Fty = 41.10 ksi
B = 0.0646 in Pmax = 7450 lb
a= 1.2550 in

*/2 = 0.6275 in

Loads
a eff 5000 7450 10000 Load a (half) a plasic a eff K
0.6 28 42 56 0.6275 .0000 0.6275 0
0.6 29 43 58 200 0.7275 0.0002 0.7277 1
0.7 30 44 59 400 0.7275 0.0006 0.728 1 3
0.7 30 45 61 600 0.7325 0.0014 0.7339 4
0.7 31 46 62 1000 0.7325 0.0039 0.7364 6
0.7 32 48 64 1400 0.7325 0.0076 0.7401 9
0.8 33 49 65 1800 0.7325 0.0126 0.7451 12
0.8 33 50 67 2200 0.7325 0.0188 0.7513 14
0.8 34 51 68 2600 0.7325 0.0263 0.7588 17
0.8 35 52 70 3000 0.7325 0.0350 0.7675 20
0.9 36 53 72 3400 0.7325 0.0450 0.7775 23
0.9 37 55 73 3600 0.7425 0.0513 0.7938 24
0.9 37 56 75 3800 0.7425 0.0572 0.7997 26
0.9 38 57 77 4000 0.7450 0.0637 0.8087 28
1.0 39 58 78 4200 0.7450 0.0702 0.8152 29
1.0 40 60 80 4400 0.7525 0.0781 0.8306 31
1.0 41 61 82 4600 0.7525 0.0854 0.8379 33
1.0 42 62 84 4800 0.75 50 0.0934 0.8484 34
1.1 43 64 86 5400 0.7550 0.1183 0.8733 39
1.1 44 65 88 5600 0.7575 0.1278 0.8853 41
1.1 45 67 90 6000 0.7575 0.1467 0.9042 45

6200 0.7600 0.1573 0.9173 47
6400 0.7600 0.1677 0.9277 49
6600 0.7675 0.1808 0.9483 52
6800 0.7725 0.1937 0.9662 54
7000 0.7800 0.2081 0.9881 57
7200 0.7875 0.2232 1.0107 59
7400 0.8025 0.2423 1.0448 63

Kc - 63.0 Ksi
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TABLE B17

General Dynamics, CA

ASTM E561 R Curve CCT Al-Li B-5-TL-3

W= 3.996 in Fry = 41.10 ksi
B = 0.0642 in Pmax = 7290 lb
a = 1.2500 in

J/2 = 0.6250 in

Loads
a eff 5000 7290 10000 Load a(half) a 400!0c a eff K
0.6 28 41 57 0 0.6250 T.W 0.6250 0
0.6 29 42 58 200 0.7250 0.0002 0.7252 1
0.7 30 43 60 600 0.7250 0.0014 0.7264 4
0.7 31 45 61 1000 0.7250 0.0039 0.7289 6
0.7 31 46 63 1400 0.7250 0.0076 0.7326 9
0.7 32 47 64 1800 0.7250 0.0125 0.7375 12
0.8 33 48 66 2000 0.7250 0.0155 0.7405 13
0.8 34 49 67 2400 0.7250 0.0223 0.7473 16
0.8 34 50 69 2800 0.7250 0.0304 0.7554 18
0.8 35 51 70 3200 0.7250 0.0397 0.7647 21
0.9 36 52 72 3600 0.7250 0.0502 0.7752 24
0.9 37 .54 74 3800 0.7250 0.0559 0.7809 26
0.9 38 55 75 4200 0.7250 0.0683 0.7933 29
0.9 38 56 77 4600 0.7250 0.0820 0.8070 32
1.0 39 57 79 4800 0.7250 0.0892 0.8142 33
1.0 40 59 80 5200 0.7250 0.1047 0.8297 37
1.0 41 60 82 5600 0.7250 0.1215 0.8465 40
1.0 42 61 84 5800 0.7250 0.1303 0.8553 42
1.1 43 63 86 6000 0.7250 0.1394 0.8644 44
1.1 44 64 88 6400 0.7250 0.1586 0.8836 47
1.1 45 66 90 6600 0.7250 0.1687 0.8937 49

6800 0.7250 0.1791 0.9041 51
7000 0.7250 0.1898 0.9148 53
7200 0.7250 0.2008 0.9258 55

Kc - 55.4 Ksiv/T
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TABLE SIB8

HMIR

N.mlin Lllltl I t0

SPECIMEH WIENlIhIO SUT LEN6IH PECR•(C LEN6TH flNAL CRCK LEGTUH LtO AT AILTR PLANI STRESS Fr&TL [
10.rllricriU01 a,, (IN) Za, (IN) 21. (iN) (LB) 10JGW SS. Kc. (ISI(lt)-.5)

1 LI-L 1."IS 2.1006 2.2480 10.900 57.0
2 1.94S 2.1000 2.266 10.980 S7.1

ALRG(i6 . ....... ,0• 57.?

3 L-LI 1.9925 2.0993 2.2120 • '40 57.1
i 1.996S ZJO1S 2.1215 14,900 rS.A

PAID 0.20 56.5

8110 COLLTIDED AN. RBUCrED PEP ASIR STWARD TEST I'IHI ED SW -81.

The four toughness specimens were tested in accordance with
RSTMI Standard Test Method ES61-81. The specinens were
precracked to a total crack length. 2a. equal to 35X of the
width, as is required per the standard. A stress ratio of
0.1 was used for precracking. The specimens were statically
failed using a loading rate of 3000 pound/ninute.
Cathetoneters were used to monitor crack length during static
loading to determine the final crack length, at failure.
which is required for toughness calculations. Table 58
presents toughness test data. Rll four specimens had a plane
stress toughness walue in the range of 56 to 57 kti(in)*.5.
It should be noted that no plastic zone corrections were
incorporated into the toughness calculations.
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R-CURVE FOR 2091 SHEET (longitudinal)

(effective crack length adjusted for plastic zone)

140

120

100 13

80

I60
~40

20

0 L I '

1.0 1.5 2.0 2.5 3.0 3.5

HALF EFFECTIVE CRACK LENGTH. Ae (Ae=Ao+Ap+rho) in inches

Figure B7 R-Curve Results for 2091-T3 0.063" Sheet (longitudinaV)
Martin Marietta, IA.

R-CURVE FOR 2091 SHEET (transverse)
(effeclive cr:ak length adjusted for plastic zone)

140

120

100

80 t

604P3

x 40

20

0 ' I * I ' I

1.0 1.5 2.0 2.5 3.0 3.5

HALF EFFECTIVE CRACK LENGTH. Ae (Ae-Ao+Ap+rho) in inches

Figure B8 R-Cuxve Results for 2091-T3 0.063" Sheet (transverse).

Martin Marietta
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R-CURVE FOR 2091 SHEET (longitudinal)

soo
00

40

201

00

.0 1.5 2.0 2.5 3.0 3.5

HALF CRACK LENGTH. inches

Figure B9 R-oCve Results for 2091-T3 0.063" Sheet (longitxdinal).
Martin Marietta, IA.

R-CURVE FOR 2091 SHEET (transverse)
10O

so

60

40

0
20

20 I0I

0
1.0 1.5 2.0 2.5 3.0 3.5

HALF CRACK LEN3TH. inches

FigureB1O R-Curve Results for 2091-'I'3 0.063" Sheet (transverse).
Martin Marietta, LA.
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TABLE B19

Martin Mariettao, IA

DATA FOR SPECIMEN NO. 4,2091

LONGITUDINAL SHEET

I I Half I Corresponding Fr1ture
I Half Crack I Crack Length, I Toughness, ksl V inch

Load, kips I Length I (c + rho) I Not Adjusted I Adjjusted. for
I (c) inch I Inch I Plasticity
I II

0.0 1 1.215 1.215 0.0 1 0.0
1.17 I 1.215 I 1.217 4.81 1 4.55
2.54 1 1.220 1.229 10.47 I 9.86
3.71 I 1.270 I 1.294 I 15.69 1 15.85
4.79 1 1.295 1.336 20.51 20.87
5.76 1 1.300 1.361 24.73 25.35
7.08 1 1.310 1 1.406 30.54 1 31.71
8.21 1 1.310 1.442 35.42 1 37.24
9.38 1 1.315 1.493 40.56 43.31

10.41 1 1.320 1.560 45.13 50.26
11.28 1.320 1.615 48.90 55.05
12.07 1.325 1 1.680 52.45 1 61.05
12.70 1 1.330 1 1.756 55.30 1 66.92
13.29 1 1.33w 1.821 57.9U 1 71.84
13.78 1 1.340 1.919 60.33 1 78.02
14.12 I 1.345 I 1.986 61.97 1 82.10
14.51 1 1.365 1 2.159 64.3C 1 91.36
14.8U 1 1.37% 2.381 65.74 1 103.09

Thickness = .0653 inch
Yield = 40.9 ksi
Specimen 6idth = 8.00 inch
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TABLE B20

Martin Marietta., IA

DATA FOR SPECIMEN NO. 5 2091

LONGITUDINAL SHEET

I I I
Half I Corresponding Fraý.~tre

I Half Crack I Crack Length,I Toughness, ksi %/inch
Load, kips Length (c + rho) I No Adjusted I Adjustea for

(c) inch i nch I I Plasticity
I 1 I

0.0 1 .220 1 .220 I 0.0 0.0
1.0k 1.220 1.2?2 I 4.37 4.12
2.09 1.220 1.226 I 8.62 8.12
3.46 1.295 1.317 I 14.90 15.04
4.67 1 1.300 1.340 I 20.05 20.36
5.55 I 1.3U5 I 1.362 23.88 24.48
6.53 I 1.310 I 1.39U 28.17 29.09
7.62 1 1.310 1.442 32.67 34.33
8.52 I 1.310 I 1.453 36.76 38.80
9.54 1.310 1 1.494 41.16 44.03

10.3k 1 1.3165 1.549 44.63 49.59
11.14 I 1.315 I 1.599 46.17 I 54.60
11.74 1.315 1.64G 50.77 I 56.47
12.39 I 1.320 I 1.99 53.71 I 63.08
13.19 1 1.33G 1 1.80s 57.46 70.97
13.71 1 1.335 1.891 59.77 76.77
14.71 1 1.335 1.974 61.88 / 81.95
14.5? 1 1.340 2.07b 63.57 87.94
14.79 1 1.355 1 2.262 65.22 97.62

Thickness = .063 inc,
Yield a 40.9 ksi
Specimen Wiath a 8.00 ln:h /
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7NBL B21

Nautin Marietta, IA

DATA FOR SPECIMEN NO. 6 2091

TRANSVERSE SHEET

I I I
I Hal f I Corresponding Fxis.ty-re

Half Crack I Crack Length, I Toughness, ksi V-inch
Load, kips I Length I (c + rho) Not Adjusted I Adjusted for

(c) inch I inch I Plasticity

0.0 I 1.215 I .215 - 0.0 1 0.0
2.19 1 1.215 I 1.222 9.01 8.49
3.50 I 1.220 I 1.238 14.43 13.60
5.47 I .=Z0 1.271 22.56 23.05
7.0U 1.282 1.373 29.79 30.90
b.765 1.295 1.445 37.47 39.65

10.16 I 1.300 I 1.521 43.61 48.23
11.43 1.300 1.605 49.19 56.11
12.43 1.305 1.680 53.49 62.77
13.31 I .305 1.781 57.28 70.74
13.95 1 1.32U 1.906 60.48 78.51
14.21 I 1.327 I1.966 61.83 61.87
14.42 I 1.330 1 2.028 62.82 85.66
14.b2 1 1.395 3.433 65.73 1 146.00

Thicg•ness = .06, inch
Yield " 40.9 ksi
Specimen 6idth = 8.00 inch

87



TABLE B22

Martin~ Marietta,, IA

DATA FOR SPECIMEN NO. 7, 2091

TRANSVERSE SHEET

I Half I Corresponding Fractre
Half Crack Crack Length, I Toughness ksi ,'Tnch

Load, kips I Length I (c * rho) NIot Ajiusted I Adusted for
I (C) inch I inch I Plasticity

_ _ _ _ _ I_ _ _ _ I_ _ _ _ I _ ___ I_ _ _ _

I 1TI
0.0 1.225 1 1.225 1 0.0 I 0.0
1.62 1 1.225 1.228 6.28 I 5.92
3.00 1 1.225 1.238 12.40 I 11.66
4.51 1 1.225 1 1.259 18.65 I 18.92
7.00 1.260 1 1.324 25.20 I 25.94
7.50 1.275 1.380 31.81 i 33.16
9.11 1.305 1.470 39.20 41.69

10.bl 1 1.35 . 1.547 1 45.23 50.43
11.86 I 1.305 I 1.635 1 51.04 58.91
12.74 1 1.310 1.729 54.96 66.33
13.40 1 1.320 1.817 58.09 72.27
13.65 1 1.360 I 1.977 61.40 80.55
14.28 1 1.375 2.107 63.58 87.73
14.56 I 1.390 1 2.299 65.30 97.73
14.77 1 1.400 1 3.245 66.56 139.00

Thickness - .063 inch
Yield = 40.9 ksi
Specimen kictr * 6.00 inch
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TABLE 323

FATIGUE RESULTS WITH R-0.1 AND Kt-1.0 FOR

PECHINEY 2091-T3 SHEET (0.063- X 79- X 39-)

COMPANY ORIENTATION STRESS CYCLES

.(KSI)

GENERAL LONG 21.8 10,000,000 *
DYNAMICS, 25.0 1,888,000
CALIF. 27.0 10,140,000 *

30.0 303,000
32.0 363,000
35.0 143,000
38.0 122,000

(*):INDICATES A RUN-OUT TEST

TABLE 824

FATIGUE RESULTS WITH R-0.1 AND Kt-3.0 FOR

PECHINEY 2091-T3 SHEET (0.063- X 79- X 39-)

COMPANY ORIENTATION STRESS CYCLES
(Ks5)

GENERAL LONG 10.0 10,000,000 *
DYNAMICS, 12.0 319,000
CALIF. 13.0 10,330,000 *

13.5 193,000
14.5 158,000
16.0 163,000
20.0 47,000
25.0 15,000

()s INDICATES A RUN-OUT TEST
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TABLE 825

FATIGUE RESULTS WITH Rn0.1 AND Kt-2.8 FOR

PECHINEY 2091-T3 SHIMT (0.063- X 79- X 39-)

COKPANY ORIENTATION STRESS CYCLES
(KS!)

--- -----------------------------------------------------------------
LTV LONG 15.4 1,000,000 *

15.4 410,760
15.5 700,100
16.5 192,020
16.5 236,950
18.5 202,250
18.7 203,450 0
19.0 155,800
22.1 83,190
22.4 76,450
22.4 49,000

(*): INDICATES A RUN-OUT TEST
(I): INDICATES SPECIMEN FAILED IN GRIP

TABLE 326

FATIGUE RESULTS WITH R-0.1 AND Kt-2.8 FOR

PECHINZY 2091-T3 SHEET (0.063- X 79- X 39-)

COMPANY ORIENTATION STRESS CYCLES
(181)

LTV L TRANS 15.5 1,500,000 *
16.0 369,700
18.7 94,490
18.7 138,430
22.1 84,900
22.5 52,100

(*): INDICATES A RUN-OUT TEST
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0.063" Sheet (L-T Orientation). IMDonnel Aircraft IA.
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2091-T8X SHEET

(0.06 3"x79"x79")
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TABLE 827

TENSILE RESULTS FOR PECHIINY

2091-T8X SHEET (0.063" X 79- X 39")

COMPANY TEST ORIENT- ULTIMATE YIELD ELONG RA MODULUS
TEMPERATURE ATION STRENGTH STRENGTH (%) (%) (MSI)
(DEGREES F) (KS!) (KsI)

----- --------------------------------------------------------------
NORTHROP RT LONG 62.9 47.5 15.6 11.1

63.0 47.4 16.5 11.1
63.1 47.7 18.3 10.5

GRUMMAN RT LONG 61.8 47.3 15.5 10.9
61.8 47.7 16.5 11.2
62.8 47.3 15.5 11.6

GENERAL RT LONG 65.6 49.7 14.1
DYNAMICS, 64.7 49.1 14.1
TEXAS

AVERAGE 63.2 48.0 15.8 11.1

STANDARD DEVIATION 1.3 0.9 1.4 0.4

TABLE B28

TENSILE RESULTS FOR PECHINEY

2091-T8X SHEET (0.063" X 79" X 39")

COMPANY TEST ORIENT- ULTIMATE YIELD ELONG RA MODULUS
TEMPERATURE ATION STRENGTH STRENGTH (%) (%) (KSI)
(DEGREES F) (KSI) (KSI)

----- --------------------------------------------------------------
NORTHROP RT L TRANS 65.9 47.5 14.3 11.0

66.0 47.6 13.6 11.4
66.6 48.0 14.0 11.2

GRUMMAN RT L TRANS 64.4 46.3 12.0 11.0
64.6 46.6 15.0 11.4
64.8 46.7 14.0 11.5

GENERAL RT L TRANS 67.2 50.2 11.0
DYNAMICS, 67.5 50.7 10.4
TEXAS

AVERAGE 65.9 48.0 13.0 11.3

STANDARD DEVIATION 1.2 1.7 1.7 0.2
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TABLE 329

COMPRESSION RESULTS FOR PECHINEY

2091-T8X SHEET (0.063- X 79- X 39-)

COMPANY TEST ORIENTATION COMPRESSIVE COMPRESSIVE
TEMPERATURE YIELD STRENGTH MODULUS
(DEGREES F) (SI) (HSI)

NORTHROP RT LONG 46.8 11.6
46.7 11.5
46.9 11.5

GRUMMAN RT LONG 45.3 11.6
47.9 11.5
46.3 11.5

GENERAL RT LONG 48.8
DYNAMICS, 49.7
TEXAS

AVERAGE 47.3 11.5

STANDARD DEVIATION 1.4 0.1

TABLE 330

COMPRESSION RESULTS FOR PECHINKY

2091-T8X SHEET (0.063" X 79- X 39")

COMPANY TEST ORIENTATION COMPRESSIVE COMPRESSIVE
TEMPERATURE YIELD STRENGTH MODULUS
(DEGREES F) (KSI) (NSI)

---- -----------------------------------------------------------------
NORTHROP RT L TRANS 53.0 11.5

52.7 11 5
53.0 11.3

GRUMMAN RT L TRANS 51.3 11.2
51.3 11.4
52.3 11.7

GENERAL RT L TRANS 53.1
DYNAMICS, 53.7
TEXAS

AVERAGE 52.5 11.4

STANDARD DEVIATION 0.9 0.2
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TABLE 531

COMPRESSION RESULTS FOR PCHINHY

2091-T8X SHEET (0.063- X 79- X 39-)

COMPANY TEST ORIENTATION COMPRESSIVE COMPRESSIVE
TEMPERATURE YIELD STRENGTH MODULUS
(DEGREES F) (KSI) (1SI)

GRUMMAN RT 45 44.6 11.4
45.5 11.3
45.2 11.4

AVERAGE 45.1 11.4

STANDARD DEVIATION 0.5 0.1
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TABLS 532

SLOTTRD SHEAR RESULTS roM PMHNY

2091-TX SHEET (0.063- X 79- X 39-)

COMPANY ORIENTATION SHEAR
STRENGTH

(KS!)

NORTHROP LONG 39.4

39.6

GRUMMAN LONG 38.2
40.0
39.1

GENERAL LONG 40.9
DYNAMICS, 42.0
TEXAS

AVERAGE 39.3

STANDARD DEVIATION 1.9

TABLE 833

SLOTTED SHEAR RESULTS FOR PECHINEY

2091-T8X SHEET (0.063- X 79- X 39-)

COMPANY ORIENTATION SHEAR
STRENGTH

(KS!)
------------------------------------- --------------------------

NORTHROP L TRANS 41.8
41.9
41.9

GRUMMAN L TRANS 41.1
41.7
40.7

GENERAL L TRANS 38.4
DYNAMICS,
TEXAS

AVERAGE 41.1

STANDARD DEVIATION 1.3
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TABLE 834

BEARING RESULTs IfA PZCHINxY

2091-T8X SHIRT (0.063- X 79- X 39-)

COMPANY ORIZNTATION e/D BZARIXG BiARING
ULT. STR. YIZLD ST•.

(REX) (n81)

NORTHROP LONG 1.5 94.9 67.6
94.9 68.3
94.9 67.2

GRUMMAN LONG 1.5 91.7 65.5
91.7 65.4
91.7 66.2

GENERAL LONG 1.5 88.6 75.6
DYANACS, 93.8 78.2
TEXAS

AVERAGE 92.8 69.3

STANDARD DEVIATION 2.3 4.9

TABLE 335

WEARING RESULTS FOR PECHINRY

2091-T8X SHEET (0.063- X 79- X 39-)

COMPANY ORIZNTATION O/D BDARING BEARING
ULT. STR. YIZLD STE.

(1sx) (1.8)
---- ----------------------------------------------------------------
NORTHROP L TRANS 1.5 96.3 67.6

96.3 67.1
96.2 68.0

GRUMMAN L TRANS 1.5 91.9 65.0
92.4 66.7
93.1 66.5

GENERAL L TRANS 1.5 92.9 78.8
DYNAMICS, 92.3 78-5
TEXAS

AVERAGE 93.9 69.8

STANDARD DEVIATION 2.0 5.5
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TABLE 336

BEARING RESULTS VOR PCHzINIY

2091-T8X SHEET (0.063- X 79- X 39-)

COMPANY ORIENTATION O/D BEARING BEARING
ULT. STh. YIELD 5TR.

(ES!) (KS!)

NORTHROP LONG 2.0 117.2 80.0
118.6 79.8
117.1 81.5

GRUMMAN LONG 2.0 116.4 79.2
116.4 78.7
116.4 78.6

GENERAL LONG 2.0 106.0 88.1
DYNAMICS, 117.0 92.2
TEXAS

AVERAGE 115.6 82.3

STANDARD DEVIATION 4.0 5.1

TABLE 837

BEARING RESULTS FOR PRCHINEY

2091-T8X SHEET (0.063- X 79- X 39-)

COMPANY ORIENTATION e/D BEARING BEARING
ULT. 8TR. YIELD STR.

(ESI) (Isi)

NORTHROP L TRANS 2.0 120.4 81.6
120.1 84.0
118.6 82.0

GRUMMAN L TRANS 2.0 121.8 83.2
120.0 81.8
117.6 80.8

GENERAL L TRANS 2.0 114.0 95.8
DYNAMICS, 105.0 93.6
TEXAS

AVERAGE 117.2 85.4

STANDARD DEVIATION 5.5 5.9
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Th 2 ~T-L ORIENTATION-.:.

7 7. .Z

. . . . . . . . . .... ...

TEHI-E -:.7

.. . 8 5.. - . . . . .

1040



TABLE B38

General Dynamics, Texas

Pechiney 2091-T81 Sheet
(0.063" X 79" X 39-)

Average Results of R-Curve Tests

KR25 ,ksi-in

L-T 91.2

T-L 81.4
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APPENDIX C

PECHINEY

2091-T6 PRECISION FORGING

INTRODUCTION

The Pechiney 2091--T6 precision forgings were received the third quarter of 1986. Five
participants tested this material; Boeing Commercial Airplane Company, General Dynamics Fort
Worth Division, Lockheed Aeronautical Systems Company, Martin Marietta Manned Space
Systems and Northrop Corporation. Forging Dimensions are shown in Figure Cl.

Basic mechanical properties (tension, compression, bearing, etc.) were tested according to
ASTM standards, unless otherwise specified.

Constant amplitude fatigue crack growth tests were conducted according to ASTM E647
Standard. The growth rate a-N data that was generated by the participant, Northrop Corporation,
was reduced using a seven-point incremental polynomial (parabola) to sets of seven successive
data points. The data are also checked against size requirements per ASTM E647, Section 7.2.
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TABLE CI

TENSILE RESULTS AT t/2 LOCATION FOR

PECHINEY 2091-TO FORGINGS

COMPANY TEST ORIENT- ULTIMATE YIELD ELONG RA MODULUS COW3---NT
TEMP ATION STRENGTH STRENGTH MI) (W) (MSI)

(DEGREES F) (KSI) (KSI)
------------------------------------ --------------- -------

BOEING RT LONG 73.8 65.3 4.0
77.9 06.6 5.0
82.2 72.3 8.0

NORTHROP RT LONG 81.3 69.4 10.0 9.0 11.2 (1).(2)
82.8 72.1 9.0 7.5 11.4 (2)
83.1 73.0 8.0 6.4 11.4 (2)
85.9 76.7 8.0 7.5 11.1 (2)
80.2 69.8 8.0 7.1 11.5 (2)
85.0 75.5 8.0 7.4 11.3 (2)
8.1.7 72.7 5.0 4.5 11.2 (3)
81.6 71.8 7.0 5.7 11.3 (3)
87.1 58.4 3.0 2.0 11.2 (4)
08.0 58.6 4.0 3.3 11.2 (4)

GENER:AL. F.T LONG 84.4 73.5 6.7
DYNAM.ICS. 84.0 73.0 6.8
TEXAS

LOCXH'EE:'. RT LONG 83.9 72.7 9.0 12.e
GEORG: A 8•.1 68.4 8.0 12.!

80.9 68.9 9.0 11.5
83.9 72.4 8.0 11.1
83.7 72.7 9.0 11.8

V.ART 1 N RT LONG 74.6 68.4 2.0 6.0 !1.4
MARIETTA. 81.3 68.7 5.0 10.0 11.8
LOUISIANA 77.9 63.2 5.0 10.0 ii.e

AVERAGE 80.2 69.7 8.8 6.6 11.5

STANDARD DEVIATION 5.0 5.0 2.2 2.4 0.5

(1): INDICATES THAT THE SPECIMEN FAILED OUTSIDE THE GAGE MARKS
(2): SPECIMEN REMOVED FROM THE FORGING BASE
(3): SPECIMEN REMOVED FROM THE FORGING SIDE WALL
(4): SPECIMEN REMOVED FROM THE FORGING END WALL
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TABLE C2

TENSILE RESULT$ AT %/2 LOCATION FOR

PECINITY 2091-To FORGINGS

COMANY TEST ORIENT- ULTIMATE TIELD SLONG RA MODULUS COMNT
TEMP ATION STRENGTH slEmn (S) (2) (I)

(DEGREES F) IKSI) (KlI)
------------- --------------- w ---- -- fl ----------- --------

NORTHROP XT L TRANS 66.4 11.2 (1).(2)
75.6 70.0 5.0 11.4 (2)
63.8 11.3 (1).(2)
75.0 65.3 3.0 11.2 (1).(2)
60.6 1.0 11.2 (1).(2)
71.5 06.0 2.0 10.6 (1),(2)
60.2 63.2 2.0 11.3 (4)
W.1 s8.7 2.0 11.1 (4)

AVERAGE 66.0 65.4 2.5 11.2

STANDARD DEVIATION 5.9 4.7 1.4 0.2

(1): INDICATES THAT THE 3PECIW.U FAILED OUTSIDE THE GAGE MARKS
(2): SPECIMEN REMOVED FROM Till TORGING BASE
(3): SPECIMEN REMOVED FROM TIE FORGING SIDE WALL
(4): SPECIMEN REMOVED FROM THE FORGING END WALL
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TABLE C3

TENSILE RESULTS AT t/2 LOCATION FOR

PECHINEY 2091-T6 FORGINGS

COMPANY TEST ORIENT- ULTIMATE YIELD ELONG RA MODULUS COMUNT
TEZM ATION STRENGTH STRENGTH C C (CSI)

(DEGREES F) (KSI) (XSI)
------------------------------------------------------------ m---

LOCKHEED. RT S TRANS 08.7 6.0
GEORGIA 72.2 6.0

66.6 6.0
70.9 6.0
72.1 6.0

AVERAGE 70.1 6.0

STANDARD DEVIATION 2.4 0.0
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TABLE C4

COMPRESSION RESULTS AT t/2 LOCATION FOR

PECHINEY 2091-T6 FORGINGS

COMPANY TEST ORIENTATION COMPRESSIVE COMPRESSIVE

TEMPERATURE YIELD STRENGTH MODULUS
(DEGREES F) (KSI) (MsI)

-------------------------------------------------------------------------
BOEING IT LONG 68.6

72.4
70.4

NORTHROP RT LONG 67.3 11.7
73.8 11.6
75.4 11.8

LOCXHEE:. RT LONG 07.0
GEORGIA 62.0

64.7
62.7
65.6

GENERAL IT LONG 57.7

DYNAMICS.
TEXAS

WRATIN RT LONG 73.4 .
MAP:ETTA. 84.3 An.,

LOU:S:AX*A

AVERAGE 67.5 i:.9

STANDARD DEV:ATION 5.1 0.3

NOTE: NOB-THRO? SPECJENS TAKEN FROM FORGING SIDE WALL.
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TABLE C5

COMPRESSION RESULTS AT t/2 LOCATION FOR

PECHINEY 2091-T6 FORGINGS

COMPANY TEST ORIENTATION COMPRESSIVE COMPRESS:VE
TEMPERATURE YIELD STRENGTH MODULUS
(DEGREES F) (KSI) (MSI)

-- --------------------------------------------------------------------
MARTIN RT L TRANS 61.7 12.0
MARIETTA. 60.2 12.0
LOUISIANA

AVERAGE 61.0 12.0

STANDARD DEVIATION 1.1 0.0
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TABLE C6

ANSLER DOUBLE SHEAR RESULTS FOR

PECHINEY 2091-TO FORGINGS

COMPANY ORIENTATION SHEAR
STRENGTH

(KSI)

-------------------------------------------------------------------------

NORTHROP L-S 38.6
39.5

38.9

LOCKHEED, L-S 38.7

GEORGIA 40.4
39.8

AVERAGE 39.3

STANDARD DEVIATION 0.7

NOT--: NORTHROP SPECIMENS TAKEN FROM FORGING SIDE WALL.
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TABLE C7

AMSLER DOUBLE SHEAR RESULTS FOR

PECHINEY 2091-T6 FORGINGS

COMPANY ORIENTATION SHEAR
STRENGTH

(KSI)
-------------------------------------------------------------------

NORTHROP T-S 38.0
37.1
35.8

LOCKHEED. T-S 39.0
GEORGIA 42.4

38.3

AVERAGE 38.4

STANDARD DEVIATION 2.2

NOTE: NORTHROP SPECIMENS TAKEN FROM FORGING a jE WALL.
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TABLE C8

SLOTTED SHEAR RESULTS FOR PECHINEY

2091-T6 FORGINGS

COMPANY ORIENTATION SHEAR
STRENGTH

(KSI)
------------------------------------------------------------------------

BOEING LONG 43.3
44.9
43.1

AVERAGE 43.8

STANDARD DEVIATION 1.0
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TABLE C9

BEARING RESULTS FOR PECHINEY

2091-TO FORGINGS

COMPANY ORIENTATION o/D BEARING BEARING
ULT. STR. YIELD STR.

(KSI) (KSI)

BOEING LONG 1.5 73.9 65.6
82.7 65.9
85.5 72.3

NORTHROP LONG 1.5 103.8 87.7
95.0 81.8
99.8 82.2

LOCKHEED. LONG 1.5 95.3 84.7
GEORGIA 99.0 85.7

102.2 86.3

AVERAGE 93.0 79.1

STANDARD DEVIATION 10.1 8.8

NOTE: NORTHROP SPECIMENS REMOVED FROM FORGING SIDE WALL.
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TABLE C10

BEARING RESULTS FOR PECHINEY

2091-T6 FORGINGS

COMPANY ORIENTATION o/D BEARING BEARING
ULT. STR. YIEUD STR.

(KSI) (KSI)

BOEING LONG 2.0 142.3 105.3
144.9 112.9
142.0 105.7

NORTHROP LONG 2.0 134.8 104.3
139.6 105.1
136.4 105.0

GENERAL LONG 2.0 129.0 118.0

DYNAMICS,
TEXAS

LOCKHEED. LONG 2.0 129.2 108.8
GEORGIA 128.1 105.1

132.8 109.2

AVERAGE 135.9 107.7

STANDARD DEVIATION 6.1 4.0

NOTE: NORTHROP SPECIMENS REMOVED FROM FORGING SIDE WALL.
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TABLE C1I

BEARING RESULTS FOR PECHINEY

2091-TO FORINS

COMPANY ORIENTATION e/D BEARING BEARING
ULT. STR. YIELD STR.

(KSI) (KSI)

GENERAL - L TRANS 2.0 128.0 87.2
DYNAMICS.
TEXAS

AVERAGE 128.0 87.2

STANDARD DEVIATION
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TABLE C12

FRACTURE TOUGHNESS RESULTS FOR

PECHINEY 2091-TO FORGINGS

COMPANY ORIENTATION KIC Kq COMMENT
(KSI IN'0.5) (KSI IN'O.5)

-------------------------------------------------------------------------

NORTHROP L-T 29.1 (1),(3).(4)
22.2 (2).(3).(4)

MARTIN L-T 25.8 (4).(5)
MARIETTA. 27.6 (4).(5)
LOUISIANA

AVERAGE 26.2

STAK .ARD DEVIATION 3.0

(1): W-I.0
(2): W=0.8
(3): SPECIMEN REMOVED FROM FORGING BASE
(4, : INVALID
(5): V:OLATES SPECIMEN THICKNESS REQUIREMENTS
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TABLE C13

FRACTURE TOUGHNESS RESULTS FOR

PECHINEY 2091-TO FORGINGS

COMPANY ORIENTATION KiC Xq COMMENT
(KSl IN'0.5) (KSI IN^0.5)

NORTHROP T-L 24.1 (1),(3),(4)
27.4 (2).(3).(4)

GENERAL T-L 25.9 (5)
DYNAMICS. 20.4 (5)
TEXAS

MARTIN T-L 22.0 (4).(7)
MARIETTA, 25.3 (4).(7)
LOUISIANA

AVERAGE 24.2

STANDARD DEVIATION 2.6

(1): W=l.0
(2): W=0.8
(3): SPECIMEN REMOVE, FROM FORGING BASE
(4): INVALID
(5): INVALID DUE TO - INSUFFICIENT THICKNESS. Pmax/Pq > 1.10.

AND MINTMJM SURFACE CRACK LENGTH ( 90%
(8): INVALID DUE TO - Pmax/Pq > 1.10, MINIMUM SURFACE CRACK LENGTH

( 90%. ANK CRACK CURVATURE > 5%
(7): VIOLATE-. SPECIMEN THICKNESS REQUIREMENTS
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APPENDIX D

PECHINEY

8090-T651 T-EXTRUSION

INTRODUCTIO

The Pechiney 8090-T651 T-Extrusions were received the fourth quarter of 1986.
Dimensions of the T-Extrusion are 0.19" x 2.5" x 3.0" x 79". Four participants tested this
material; Boeing Commercial Airplane Company WA, General Dynamics Fort Worth Division,
LTV Aircraft Products Group TX, and the Navy (Naval Air Development Center).

Basic mechanical properties (tension, compression, bearing, etc.) were tested according to
ASTM standards, unless otherwise specified.
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TABLE D1

TENSILE RESULTS FOR PECHINEY

8090-T651 T-EXTRUSION (0.19- X 2.5- X 3- X 79-)

COMPANY TEST ORIENT- ULTIMATE YIELD SLONG RA 3
TEMPERATURE ATION STRENGTH STRENGTH (%) (%) (NSI)
(DEGREES F) (Ksi) (KSi)

BOEING RT LONG 77.4 66.9 8.0
77.5 67.0 8.0
77.4 67.0 8.0

GENERAL RT LONG 81.0 71.5 5.9
DYNAMICS, 77.1 68.3 2.9
TEXAS 80.3 70.5 5.7

80.7 70.9 4.9

NADC RT LONG 76.0 66.9 3.0 10.4
81.2 72.4 3.0 11.5
80.7 71.3 3.0 10.0
82.2 72.4 3.0 9.5

LTV RT LONG 78.5 68.9 6.1 11.6
77.4 68.5 7.2 11.6
78.5 69.2 6.9 11.6

AVERAGE 79.0 69.4 5.4 10.9

STANDARD DEVIATION 2.0 2.1 2.1 0.9

TABLE D2

TENSILE RESULTS FOR PECHINEY

8090-T651 T-EXTRUSION (0.19" X 2.5" X 3" X 79-)

COMPANY TEST ORIENT- ULTIMATE YIELD RLONG RA E
TEMPERATURE ATION STRENGTH STRENGTH (%) (%) (MSI)
(DEGREES F) (ISI) (Kai)

GENERAL RT L TRANS 78.4 69.5 4.4
DYNAMICS, 78.2 69.6 4.5
TEXAS

AVERAGE 78.3 69.6 4.5

STANDARD DEVIATION 0.1 0.1 0.1
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TABLE D3

COMPRESS ION RESULTS FOR PECHINEY

8090-T6Sl T-EXTRUSION (0.19- X 2.5- X 3- X 79-)

COMPANY TEST ORIENTATION COMPRESSIVE COMPRESSIVE
TEMPEZRATURE YIELD STRENGTH MODULUS
(DEGREES F) (KBI) (HSI1)

---- ----------------------------------------------------------------
OOZING RT LONG 68.0

67.1
67.7

AVERAGE 67.6

STANDARD DEVIATION 0.5
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TABLE D4

SLOTTED SHEAR RESULTS FOR PICHINEY

8090-T651 T-EXTRUSION (0.19- X 2.5S X 3- X 79-)

COMPANY ORIENTATION SHEAR
STRENGTH

(KSx)

BOEING LONG 42.5
42.5
42.5

AVERAGE 42.5

STANDARD DEVIATION 0.0

TABLE DS

SLOTTED SHEAR RESULTS FOR PECHINKY

8090-T651 T-EXTRUSION (0.19- X 2.5- X 3- X 79-)

COMPANY ORIENTATION SHEAR
STRENGTH

(KsI)

GENERAL L TRANS 41.7
DYNAMICS, 41.2
TEXAS

AVERAGE 41.5

STANDARD DEVIATION 0.4
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TABL= D6

IOSIPESCU SHEAR RESULTS FOR PECHINEY

8090-T651 T-EXTRUSION (0.19- X 2.5" X 3- X 79-)

COMPANY ORIENTATION SHEAR
STRENGTH

(KSI)

LTV LONG 41.4
40.6
42.5

AVERAGE 41.5

STANDARD DEVIATION 1.0

TABLE D7

IOSIPESCU SHEAR RESULTS FOR PECHINEY

8090-T651 T-EXTRUSION (0.19" X 2.5" X 3" X 79-)

COMPANY ORIENTATION SHEAR
STRENGTH

(KSI)
--------------------------------------------------------------------
LTV L TRANS 39.5

40.4
39.3

AVERAGE 39.7

STANDARD DEVIATION 0.6
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TABLE D8

BEARING RESULTS FOR PECHINEY

8090-T651 T-EXTRUSION (0.19- X 2.5 X 3- X 79-)

COMPANY ORIENTATION o/D BEARING BEARING
ULT. STR. YIELD STR.

(KSI) (KSI)
----- --------------------------------------------------------------
BOEING LONG 1.5 103.4 90.2

106.5 94.6 *

107.6 95.5 *

GENERAL LONG 1.5 106.0 94.3

DYNAMICS, 104.0 91.2
TEXAS

LTV LONG 1.5 105.5 97.4
107.0 96.2
106.2 93.3

AVERAGE 105.8 94.1

STANDARD DEVIATION 1.4 2.4

(*): INDICATES SHEAR TEAR OUT FAILURE
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TABLE D9

BEARING RESULTS FOR PECHINEY

8090-T651 T-EXTRUSION (0.19" X 2.5" X 3- X 79")

COMPANY ORIENTATION e/D BEARING BEARING
ULT. STR. YIELD STR.

(KSI) (KSI)

BOEING LONG 2.0 131.8 105.1 *
138.6 113.1 *
135.2 111.4 *

GENERAL LONG 2.0 116.0 106.0
DYNAMICS, 135.0 107.0
TEXAS

LTV LONG 2.0 135.6 116.4
136.0
133.6 111.2

AVERAGE 132.7 110.0

STANDARD DEVIATION 7.0 4.1

(*): INDICATES SHEAR-TENSION FAILURE
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TABLE D10

FATIGUE RESULTS WITH R-0.1 AND Kt-2.8 FOR

PECHINEY 8090-T651 T-EXTRUSION (0.19" X 2.5" X 3" X 79")

COMPANY ORIENTATION STRESS CYCLES
(KSI)

LTV LONG 22.0 54,800
22.0 58,700
21.2 83,700
19.6 213,900
19.5 78,800
19.5 176,700
17.3 219,100
16.5 212,300
16.0 300,200
15.0 341,600
14.9 1,000,000 *

(*): INDICATES A RUN-OUT TEST
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APPENDIX E

ALCAN 8090-T651 AND 8090-T8 EXTRUSION
(1.0" X 4.0")

INTRODUCTION

The Alcan 8090-T651 1-inch x 4-inch extrusions were received the first quarter of 1986.
One participant heat treated the 8090-T651 to a T8 temper. Grumman-T8 condition was
achieved by heating the material to ',38oF for 24 hours. The other participants tested the material
in the as-received condition (-T65 1).

TESTING

Basic mechanical properties (tension, compression, bearing, etc.) were tested according to
ASTM standards, unless otherwise specified.

Constant amplitude fatigue crack growth test% were conducted according to ASTM E647
standard. The growth rate a-N data that were generated by the participants (Northrop, Grumman,
and Air Force) were reduced using a seven-point incremental polynomial method. This involves
fitting a second-order polynomial (parabola) to sets of seven successive data points. The data are
also checked against size requirements per ASTM E647, Section 7.2. NASA-Langley performed
constant amplitude fatigue crack growth tests using K-increasing (load increasing) and K-
decreasing (load decreasing) methods.

Spectrum tests were performed by the Air Force using FALSTAFF ( a severe fatigue
environment and Mini-TWIST (a moderately intense fatigue environment) spectrums.
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TABLE E1

TENSILE RESULTS AT t/2 LOCATION FOR ALCAM

8090-T651 EXTRUSION (I- x 4-)

COMPANY TEST ORIZNT- ULTIMATE YIELD ELONG RA z
TEMP ATION STRENGTH STRENGTH (%) (%) (3SI)

(DEGREES F) (KSI) (KSI)

AIR FORCE RT LONG 72.7 62.9 5.3 13.0
76.1 64.2 5.3 6.0
77.0 65.2 6.1 9.9
76.6 65.2 5.3 9.9
74.2 62.2 5.7 8.5
76.8 64.9 5.6 7.0

MARTIN RT LONG 81.0 76.8 4.9 11.3
MARIETTA 73.1 63.5 6.2 11.3

81.1 77.2 7.9 11.2

NORTHROP RT LONG 73.7 65.6 4.0 19.6 11.8
76.4 68.5 6.0 20.8 11.6
79.9 76.5 4.0 19.4 11.7
76.6 71.1 7.0 12.0
73.1 64.8 7.0 12.5
73.9 65.5 7.0 12.5

NASA RT LONG 77.1 67.9 5.0 11.4
LANGLEY 75.8 66.6 10.0 11.3

76.4 67.5 9.0 11.4
77.0 68.0 7.5 11.4

AVERAGE 76.2 67.6 6.3 12.7 11.6

STANDARD DEVIATION 2.5 4.6 1.6 5.8 0.4
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TABLE 32

TENSILE RESULTS AT t/2 LOCATION FOR ALCAN

8090-T651 EXTRUSION (10 x 4")

COMPANY TEST ORIENT- ULTIMATE YIELD ELONG RA E
TEMP ATION STRENGTH STRENGTH (%) (%) (HSI)

(DEGREES F) (KSI) (KSI)

MARTIN -423 LONG 103.9 22.0 13.1
MARIETTA 102.9 52.7 8.0 12.9

99.8 62.0 16.0 12.3
123.6 14.0 14.4
107.0 71.3 20.0 13.4

-320 LONG 89.4 64.4 12.0 14.9
89.4 68.6 11.0 13.5
89.1 64.5 13.5

+200 LONG 68.3 65.6 16.0 11.0
69.6 63.9 14.0 11.2
69.3 66.0 18.0 12.4

+350 LONG 55.3 55.2 36.0 10.5
55.6 55.5 26.0 10.5
55.7 55.6 30.0 10.7
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TABLE 93

TENSILE RESULTS AT t/2 LOCATION FOR ALChN

8090-T651 EXTRUSION (10 x 40)

COMPANY TEST ORIENT- ULTIMATE YIELD ELONG RA 3
Tamp ATION STRENGTH STRENGTH (V) (U) (1sI)

(DEGREES F) (ESI) (KSI)

AIR FORCE RT L TRANS 67.4 54.7 7.8 16.0
68.2 54.0 0.0 15.9
69.6 55.0 8.6 21.8

NORTHROP RT L TRANS 68.6 58.4 7.0 19.6 11.8
68.3 58.1 7.0 20.8 11.6
68.2 58.0 7.0 19.4 11.7
68.0 58.0 8.0 12.3
67.8 57.2 8.0 12.5
68.2 58.2 9.0 12.2

MARTIN RT L TRANS 67.9 56.1 8.0 11.1
MARIETTA 68.2 56.8 9.5 11.1

68.5 56.5 9.5 11.5

NASA RT L TRANS 70.5 57.8 10.0 11.4
LANGLEY 70.1 57.7 11.0 11.4

70.8 58.3 10.0 11.4
70.7 57.8 10.0 11.4

AVERAGE 68.8 57.0 8.2 18.9 11.6

STANDARD DEVIATION 1.1 1.4 2.5 2.5 0.4
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TABUL 34

TEUSILS RXSULTS AT t/2'LOCARTION VOM ACAN

8090-T6S1 EXTRUSION (1W x 4")

COMPANY TE8T ORIBUrT- ULTIMATE YIzLD BLONG * RA 3
TEMP A$nIO S N STUNOTI (%) (%) (HSI)

(DEGREES F) (KB?) (KS!)

MARTIN -423 L TRANS 86.9 62.6 8.0 12.S
MARIZTTA 81.8 72.0 12.5

87.9 62.5 9.0 13.1

-320 L TRANS 78.9 60.6 5.0 13.6
79.3 60.2 8.0 13.5
77.3 60.1 13.2

+200 L TRANS 63.5 56.1 12.3 9.0
63.6 56.5 13.3 10.6
63.6 56.7 12.5 10.8

+350 L TRANS 50.7 50.6 22.0 10.4
51.4 51.2 18.0 10.0
58.5 56.3 18.0 10.0
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TaILS 35

TUIS= RNSULTS AT t/2 LOCATICO FM ALCAU

8090-T651 EXTRUSION (10 z 4n)

COMPANY TEST ORIENT- ULTIMAT• ZULD BLOWG RA I

TwoP ATIOK STRNGT STEUNST (t) (s) (USX)

(D30333S 7) (Kai) (Ks!)

NORTHROP iT 8 TRANS 69.4 55.9 8.0 7.8 11.1
68.0 52.4 4.0 3.1 11.3
66.5 51.6 4.0 3.1 11.2

AVZRAGE 68.0 53.3 5.3 4.7 11.2

STANDARD DBVIATION 1.S 2.3 2.3 2.7 0.1
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TABLE 36

TENSILE RESULTS AT t/10 LOCATION FOR ALCAN

8090-T651 EXTRUSION (1- x 4-)

COMPANY TEST ORIENT- ULTIMATE YIELD 310NG RA a
TEMP ATION STRENGTH STRENGTH (%) ( H) (SI)

(DEGREES F) (35X) (35!)
----- --------------------------------------------------------------
NORTHROP RT LONG 77.9 69.0 6.0 12.0

75.7 66.8 5.0 12.2
"74.1 65.1 5.0 11.9

AVERAGE 75.9 67.0 5.3 12.0

STANDARD DEVIATION 1.9 2.0 0.6 0.2

TABLE 37

TENSILE RESULTS AT t/10 LOCATION FOR ALCAN

8090-T651 EXTRUSION (1" x 4-)

COMPANY TEST ORIENT- ULTIMATE YIELD ELONG RA z
TEMP ATION STRENGTH STRENGTH (%) (%) (MSI)

(DEGREES F) (KSI) (KSI)

NORTHROP RT L TRANS 72.4 63.4 9.0 12.4
72.2 63.1 9.0 12.2
72.3 63.0 9.0 12.2

AVERAGE 72.3 63.2 9.0 12.3

STANDARD DEVIATION 0.1 0.2 0.0 0.1
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TABLE S8

TENSILE RESULTS AT t/2 LOCATION FOR ALCAN

8090-T651 EXTRUSION (10 x 40) AlTER 100 HR8 AT 350F

COMPANY TEST ORIZNT- ULTIMATZ YIEL ZLONG RA 9
TEMP ATION STRENGTH STRENGTH (%) (S) (HSi)

(DEGREES F) (KS!) (Ksx)
--------------------------------------------------------------------
NORTHROP RT LONG 78.0 72.1 7.0 14.5 11.6

73.6 66.8 7.0 12.3 12.5
72.3 65.0 7.0 10.9 11.8

AVERAGE 74.6 68.0 7.0 12.6 12.0
STANDARD DEVIATION 3.0 3.7 0.0 1.8 0.5

RT L TRANS 68.1 60.4 6.0 13.8 11.5
68.2 60.4 6.0 13.8 12.3
68.1 60.5 6.0 13.8 12.9

AVERAGE 68.1 60.4 6.0 13.8 12.2
STANDARD DEVIATION 0.1 0.1 0.0 0.0 0.7

RT S TRANS 67.2 56.9 4.0 6.2 11.3
64.8 55.8 2.0 2.5 10.8
67.1 55.2 2.0 4.7 10.8

AVERAGE 66.4 56.0 2.7 4.5 11.0

STANDARD DEVIATION 1.4 0.9 1.2 1.9 0.3
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TADLE 39

NOTCH TENSILE, RESULTS AT t/2 LOCATION FOR ALCAN

8090-TGSI EXTRUSION (V x 4-)

COMPANY TEST ORIENT- UTS MTS/Tys
TENp ATION

(DEGREES F) (KS!)

NORTHROP RT LONG 82.7 1.2
78.1 1.1
85.0 1.2

AVERAGE 81.9 1.2
STANDARD DEVIATION 3.5 0.1

RT L TRANS 60.5 1.0
54.1 0.9
50.3 0.9

AVERAGE S5.0 0.9
STANDARD DEVIATION 5.2 0.0
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TABLE 310

COMPRESSION RESULTS FOR ALChN

8090-T61 EXTRUSION (1I x 4-)

COMPANY TEST ORIENTATION COMPRESSIVE COMPRESSIVE
TEMPERATURE YIELD STRENGTH MODULUS
(DEGREES F) (KSI) (3x1)

AIR FORCE RT LONG 69.1
69.4
69.0

NORTHROP RT LONG 74.6 12.0
71.9 12.0
71.8 11.9

NASA RT LONG 67.4 11.7
LANGLEY 66.9 11.7

66.9 11.7

AVERAGE 69.7 11.8

STANDARD DEVIATION 2.6 0.2

TABLE El1

COMPRESSION RESULTS FOR ALCAN

8090-T651 EXTRUSION (1" x 4")

COMPANY TEST ORIENTATION COMPRESSIVE COMPRESSIVE
TEMPERATURE YIELD STRENGTH MODULUS
(DEGREES F) (KSI) (KSI)

AIR FORCE RT L TRANS 65.5
64.5
65.2

NURTHROP RT L TRANS 64.9 12.1
65.3 11.9
62.5 12.3

NASA RT L TRANS 63.2 11.8
LANGLEY 63.1 11.5

63.9 11.8
63.4 11.8

AVERAGE 64.2 11.9

STANDARD DEVIATION 1.1 0.3
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TABLE 312

RIVET SHEAR RESULTS FOR ALCAN

8090-T651 EXTRUSION (1 X 4-)

COMPANY ORIENTATION SHEAR
STRENGTH

(151)

NORTHROP L - S 36.9
37.4
37.1

AVERAGE 37.1

STANDARD DEVIATION 0.3

TABLE 313

RIVET SHEAR RESULTS FOR ALCAN

8090-T651 EXTRUSION (1" X 4")

COMPANY ORIENTATION SHEAR
STRENGTH

(KsI)
----- --------------------------------------------------------------
NORTHROP T - S 34.5

34.6
36.6

AVERAGE 35.2

STANDARD DEVIATION 1.2
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TABLE 314

AMSLER DOUBLE SHEAR RESULTS FOR

ALCAN 8090-T651 EXTRUSION (1- X 4-)

COMPANY ORIENTATION SHEAR
STRENGTH

(1sx)

AIR FORCE L - S 36.5
34.6
34.7

NASA - LANGLEY L - S 36.7
36.7
36.4
37.0

AVERAGE 36.1

STANDARD DEVIATION 1.0

TABLE Z15

AMSLER DOUBLE SHEAR RESULTS FOR

ALCAN 8090-T651 EXTRUSION (1- X 4")

COMPANY ORIENTATION SHEAR
STRENGTH

(Asi)

AIR FORCE T - S 36.5
36.6
34.6

NASA - LANGLEY T - S 35.4
35.1
35.0
34.8

AVERAGE 35.4

STANDARD DEVIATION 0.8
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TABLE 316

BEARING RESULTS FOR ALChN

8090-T651 EXTRUSION (1- X 4-)

COMPANY ORIENTATION O/D BEARING BEARING
ULT. STR. YIELD STR.

(KSI) (KSI)

AIR FORCE LONG 1.5 94.2 74.3
100.6 82.7
100.4 79.3

NORTHROP LONG 1.5 101.0 84.4
99.4 77.7

100.0 81.5

NASA LONG 1.5 104.S 86.1
LANGLEY 103.2 85.5

101.9 82.4
103.5 84.3

AVERAGE 100.9 81.8

STANDARD DEVIATION 2.9 3.7

TABLE E17

BEARING RESULTS FOR ALCAN

8090-T651 EXTRUSION (1- X 4-)

COMPANY ORIENTATION e/D BEARING BEARING
ULT. STR. YIELD STR.

(KSI) (KSI)

AIR FORCE L TRANS 1.5 88.3 79.4
80.0 71.8
87.4 78.2

NORTHROP L TRANS 1.5 87.7 79.5
88.3 80.1
86.3 78.9

AVERAGE 86.3 78.0

STANDARD DEVIATION 3.2 3.1
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TABLE 318

BEARING RESULTS FOR ALCAN

8090-T651 EXTRUSION (1 X 4-)

COMPANY ORIENTATION O/D BEARING BEARING
ULT. 8TR. YIELD STR.

(Rai) (KSI)

AIR FORCE LONG 2.0 123.0
126.0
116.7 87.0

NORTHROP LONG 2.0 126.0 98.3
125.0 94.8
128.0 97.1

NASA LONG 2.0 131.4 100.0
LANGLEY 131.0 97.4

127.0 98.1
132.4 97.4

AVERAGE 126.7 96.3

STANDARD DEVIATION 4.6 4.0

TABLE Z19

BEARING RESULTS FOR ALCAN

8090-T651 EXTRUSION (1- X 4")

COMPANY ORIENTATION e/D BEARING BEARING
ULT. STR. YIELD ST.

(Ksi) (1s1)

AIR FORCE L TRANS 2.0 116.0 98.0
115.1 90.3
104.7 86.6

NORTHROP L TRANS 2.0 116.0 98.3
115.0 98.3

AVERAGE 113.4 94.3

STANDARD DEVIATION 4.9 5.5
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TABLE Z20

FRACTURE TOUGHNESS RESULTS FOR

ALCAN 8090-T651 EXTRUSION (1" X 4-)

COMPANY ORIENTATION KIC Kq COMMENT
(11 inAO.5) (1SI inAO.5)

---- ----------------------------------------------------------------

AIR FORCE L - T 25.2 IMVALID(1)
25.8 VALID

27.8 INVALID(1,2)

NORTHROP L - T 26.2 (3)
28.3 (3)
28.4 (3)

NASA L - T 25.3 INVALID(1,2)
LANGLEY 28.1 INVALID(1,2)

27.4 INVALID(1,2)
28.9 INVALID(1,2)

AVERAGE 27.2 27.1

STANDARD DEVIATION 1.4 1.5

(1)s Pmax/Pq was greater than 1.10

(2): The difference between the two surface crack length measurements
exceed 10% of the average crack length.

(3): Fractured parallel to load line
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TABLE 221

FRACTURE TOUGHNESS RESULTS FOR

M.CAN 8090-T651 EXTRUSION (1I X 4-)

COMPANY ORIENTATION KiC Kq COMMENT
(KS, inAO.n ) (KSB inAO.S)

AIR FORCE T - L 16.1 VALID
16.3 VALID
15.9 VALID

NORTHROP T - L 15.1 VALID
14.9 VALID
15.3 VALID

NASA T - L 5.4 INVALID(12)
LANGLEY 6.8 INVALID(1,3)

17.1 INVALID(1)
17.9 INVALID(1)

AVERAGE 15.6 11.8

STANDARD DEVIATION 0.6

(1): Kmax > 0.6 Kq
(2): Pmax /Pq - 3.6
(3): Pmax/ Pq - 2.6
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TADLI 3222

8Th3S8 CORROSION CRACKING RRSULTS FOR

AICAN 8090-TG51 EXTUSICK (I- X 4-)

COMPANY ORIENTATION STRESS APPLIED % OF T-L RIC C0IMENT
(KS! Ln-0O5) (351 £n4O.5)

AIR FORCE T-L 12.0 75.0 DID NOT VAIL
14.0 87.0 DID NOT FAIL

NOITE a TSTING DISCONTINUED AFTER SPECIMNS WAS WARDED
TO 87% OF T-L RIC AND DID NOT FAIL AFTER 2000 HRES.
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TABLE 323

FATIGUE RESULTS WITH R-O.1 AND Kt-l.0 FOR

ALCAN 8090-T651 EXTRLUSION (1 X 4-)

COMPANY ORIENTATION STRESS CYCLES
(KS!)

NORTHROP LONG 80.0 98
70.0 18,793
60.0 28,082
50.0 57,511
45.0 362,662
42.5 642,818
40.0 4,000,000 *

37.5 5,000,000 *

NASA - LAHNGLY LONG 60.0 29,100
50.0 43,000
45.0 55,600
40.0 549,000
38.0 2,472,100
36.0 10,S57,700 *

36.0 139,300
36.0 317,600
30.0 12,900,000 *

(*): INDICATES RUN-OUT TEST
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TADLB 324

FATIGUN RISULTS WITH R-0.1 AND Kt-3.0 FOR

ALCAN 8090-T651 , XTRUSION (1 X 4-)

CO4PANY ORIZNTATION 8TR288 CYCLES

NORTHROP LONG 55.0 4,413
S0.0 6,373
40.0 13,431
35.0 35,620
30.0 115,117
27.5 210,968
27.5 150,596
25.0 5,000,000 *

NASA - LANGLEY LONG 35.0 20,400
30.0 47,600
25.0 462,400
23.0 1,785,300
22.0 1,169,200
22.0 725,500
22.0 12,300,000 *
21.0 10,908,100 *
20.0 10,045,000 *

(*): INDICATZS RUN-OUT TEST

NOTE: NASA-LANGLEY SPZCIMZENS HAD A Ktg-3.01 AND A Ktn-2.88
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Figure E3. Fatigue Crack Growth Rate Data for Alcan 8090-T8 I" x 4" Extrusion
(L-T Orientation). Grumman.
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Figure E4 . Fatigue Crack Growth Rate Data for Alcan 8090-T8 I" x 4" Extrusion

(T-L Orientation). Grumman.
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Figure E5. Fatigue Crack Growth Rate Data for Alcan 8090-T651 1" x 4"
Extrusion (L-T Orientation). Northrop.
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Figure E6. Fatigue Crack Growth Rate Data for Alcan 8090-T651 I" x 4"
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Figure E8. Fatigue Crack Growth Rate Data for Alcan 8090-T651 1" x 4"
Extrusion (L-T Extrusion). U.S. Air Force.
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Figure E12. Fatigue Crack Grovth Rate Data for Alcan 8090-T651
1" x 4" Extrusion (T-L Orientation). U.S. Air Force.
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Figure E13. Fatigue Crack Grovth Rate Data for Alcan 8090-T651
1" x 4" Extrusion (L-T Orientation). NASA-Langley.
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Figure E14. Fatigue Crack Growth Rate Data for Alcan 8090-T651
I" x 4" Extrusion (L-T orientation). NASA-Langley.
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Figure El5. Fatigue Crack Growth Rate Data for Alcan 8090-T651
1" x 4" Extrusion (T-L Orientation). NASA-Langley.
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Figure E16. Fatigue Crack Growth Rate Data for Alcan 8090-T651 I" x 4"
Extrusion (T-L Orientation). NASA-Langley.
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Figure E17. Fatigue Crack Growth Rate Data for Alcan 8090-T651
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MinL-TWIST Loading, Mix Stress-17 KSI.
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TABLE 325

TENSILE RESULTS AT t/2 LOCATION FOR ALCAN

8090-TS (338F FOR 24 HR1] EXTRUSION (10 x 40)

COMPANY TEST ORIENT- ULTIMATE YIELD ELONG RA 3
TEMP ATION STRENGTH STRENGTH (%) (%) (NSI)

(DEGREES F) (KSI) (r51)

GRUMMAN RT LONG 80.9 78.0 3.5 4.8 12.3
80.1 77.5 4.0 5.9 11.6
80.9 76.8 4.0 7.5 11.2

AVERAGE 80.6 77.4 3.8 6.1 11.7

STANDARD DEVIATION 0.5 0.6 0.3 1.4 0.6

GRUMMAN RT 45 67.9 57.3 10.0 32.8 10.1
67.6 57.6 10.0 30.4 11.4
67.1 56.2 10.0 31.2 11.2

AVERAGE 67.& 57.0 10.0 31.5 10.9

STANDARD DEVIATION 0.4 0.7 0.0 1.2 0.7

GRUMMAN RT L TRANS 71.9 64.0 7.5 13.4 11.8
70.8 62.7 7.0 18.9 11.3
70.5 61.6 7.0 19.4 11.1

AVERAGE 71.1 62.8 7.2 17.2 11.4

STANDARD DEVIATION 0.7 1.2 0.3 3.3 0.4

178



TAALB Z26

COMPRBSSION RESULTS F3OR ACAN

8090-TS (3380 FOR 24 HRS] EXTRUSION (10 x 4")

COMPANY TEST ORIENTATION COMPRESSIVE COMPRESSIVE
TEUPERATURE YIELD STRENGTH MODULUS
(DEGREES F) (KSI) (1SI)

GRUMMAN RT LONG 78.4 12.1
77.7 12.1
68.6 12.0

AVERAGE 74.9 12.1

STANDARD DEVIATION 5.5 0.1

GRUMMAN RT 45 60.3 11.8

60.3 11.8
60.1 11.7

A ,VERAGE 60.2 11.8

STANDARD DEVIATION 0.1 0.1

GRUMMAN RT L TRANS 67.9 11.9
67.4 12.1
67.4 12.1

AVERAGE 67.6 12.0

STANDARD DEVIATION 0.3 0.1
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TAE 32 27

FRACTURE TOUGHNESS RESULTS FOR ALCAN

8090-TS (338? fOR 24 HR51 EXTRUSION (1" x 4")

COMPANY ORIENTATION KIC Kq COMMENT
(MI inAOo5) (KSI inAOo5)

----------------------------------------------------------------------------

GRUMMAN L - T 33.3 INVALID(1),(2)
27.6 INVALID(2),(3)

AVERAGE 30. 5

STANDARD DEVIATION 4.0

GRUMMAN T - L 14.6 VALID

AVERAGE 14.6

STANDARD DEVIATION 0.0

(1) 1.08 greater than B

(2) Angle of fracture greater than 5 degrees

(3) Pmax/Pq greater than 1.10
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APPENDIX F

8090-T8771 1.75 INCH THICK PLATE

INTRODUCTION

The Alcan aluminum-lithium alloy 8090-T8771 1.75 inch plates were received May
1991. The 8090 was tested in the as received condition by Martin Marietta and the Air Force.

TESTING

Mechanical properties (tension, compression, bearing shear and fracture toughness),
fatigue and constant amplitude fatigue crack growth tests were performed according to ASTM
standards, unless otherwise specified. Spectrum fatigue crack growth tests were performed by
the Air Force using FALSTAFF ( a severe fatigue environment) and Mini-TWIST (a moderately
intense fatigue environment) spectrums.
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TABLE 71

TENSILE RrSULTS AT t/2 LOCATION FOR
ALCAN 8090-T8771 PLATE (1.75- THICK)

COMPANY TrST ORiENT- ULTIMATE YIELD XL40G Rh x
TEo ATION STRENGTH ShREN (t) () (Hsi)

(DGREMS F) (Kai) (Kai)

MARTIN RT LONG 79.1 71.0 S.0 3.9
MARIZTTA 79.1 71.2 5.0 9.6

79.3 5.0 3.5

AIR FORCE RT LONG 76.7 65.7 8.1 9.2
80.2 72.6 5.5 5.2
76.7 66.0 7.9 11.6

AV•RAGO 78.5 69.3 6.1 7.2

STANDARD DZVIATION 1.5 3.2 1.S 3.4

TABLE F2

TZNSILE RESULTS AT t/2 LOCATION FOR
ALCAN 8090-T8771 PLATE (1.75 THICK)

COMPANY TEST ORIENT- ULTIMATE YIZLD ELONG RA 3
TEMP ATION STRZNGTH STRENGTH (S) (s) (HS!)

(DEGREES F) (KS!) (KS!)
------------------------------------------------------------------
AIR FORCE RT 45 72.3 54.7 11.S 17.6

72.4 58.0 8.9 14.5
72.5 55.5 9.8 15.4

AVERAGE 72.4 56.1 10.0 15.8

STANDARD DEVIATION 0.1 1.7 1.3 1.6
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TABLE 73

TENSILE RESULTS AT t/2 LOCATION FOM
ALCAM S090-T8771 PLATE (1.7S THICK)

COMPANY TEST oRxENT- ULTIMATE YIEZL EoM Rh a
TMP ATION STRENGTH STRENGTH () () (Msi)

(DEGRmS F) (.x8) (KS!)

•mARTN RN L TRANS 78.2 66.9 6.0 8.1
MARIETTA 78.1 66.8 6.0 8.9

78.5 67.1 6.0 8.5

AIR FORCE RT L TRANS 73.3 S6.9 10.4 10.3
79.5 68.4 6.5 9.7
73.8 57.3 10.5 11.2

AVERAGE 76.9 63.9 7.6 9.4

STANDARD DEVIATION 2.7 5.3 2.2 1.2

TABLE 74

TENSILE RESULTS AT t/2 LOCATION FOR
ALChN 8090-T8771 PLATz (1.75" THICK)

COMPANY TEST ORIZET- ULTIMATE YIELD ELONG Rh 9
TEMP ATION STRENGTH STRENGTH M% (t) (MSI)

(DEGREES F) (KS!) (KS!)
---- --------------- -----------------------------------------------
AIR FORCE RT S TRANS 75.6 61.4 1.7 2.4

75.0 61.0 3.5 2.4
75.8 62.0 5.4 5.1

AVERAGE 7S.4 61.5 3.S 3.3

STANDARD DEVIATION 0.4 O.5 1.8 1.6
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TABLE 75

COMPRESSION RESULTS AT t/2 LOCATION iOR
ALCAN 8090-T8771 PLATE (1.75- THICK)

COMPANY TEST ORIENTATION COMPRZSSIVE COMPRESSIVE
TEDPERATURI YIELD STRENGTH MODULUS
(DEGREES F) (KSI) (KSI)

MARTIN RT LONG 70.3 12.1
MARIETTA 67.0 12.1

68.1 12.1

AIR FORCE RT LONG 62.5 11.8
63.9 12.0
60.5 10.1

AVERAGE 65.4 11.7

STANDARD DEVIATION 3.7 0.8

TABLE F6

COMPRESSION RESULTS AT t/2 LOCATION FOR
ALCAN 8090-T8771 PLATE (1.75- THICK)

COMPAINY TEST ORIENTATION COMPRESSIVE COMPRESSIVE
TEMPERATURE YIELD STRENGTH MODULUS
(DEGREES F) (KSI) (KS!)

------------------------------------------- ---- - -------- -

MARTIN RT L TRANS 72.6 12.2
MARIETTA 73.6 12.0

73.1 12.1

AIR FORCE RT L TRANS 62.5 11.8
70.9 12.0
67.5 11.9

AVERAGE 70.0 12.0

STANDARD DEVIATION 4.3 0.1
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TAUSLI 7

COMPRISS ION RESULTS AT t/2 LOCATION FOR
ALCAN 8090-T8771 PLATH (1.75- THICK)

COMPANY TZST ORI3ETATION COIPRESSZ Y CONPRESSIVE
TIUPRRAU13 YIZLD STRENGTH NODULUS
(DEGRZES F) (KS!) (XS!)

MARTIN RT S TRANS 69.6 12.1
MARIETTA 68.8 12.0

68.5 12.0

AVERAGE 69.0 12.0

STANDARD DEVIATION 0.6 0.1
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TA=LZ re

AMULIR DOU3LU SHRAR RRSULTS AT t/2 LOCATION FOR
ALCAhN 8090-T8771 PLATZ (1.75- THICK)

COMPANY ORIE"TATION SHEAR
STRUNTH

(KSI)

AIR FORCE T-L 41.1
41.8
43.4
44.4
43.6
41.4

AVERAGE 42.6
STANDARD DEVIATION 1.4
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TABLE F9

BEARING RESULTS AT t/2 LOCATION FOR
ALCAN 8090-T0771 PLATE (1.75" THICK)

COMPANY ORIENTATION O/D BEARING BEARING
ULT. ST. YIELD STR.

(KS!) (KSI)

AIR FORCE LONG 1.5 112.1 90.6
112.8 91.5
106.9 83.7

AVERAGN 110.6 88.6

STANDARD DEVIATION 3.2 4.3

TABLE F10

BEARING RESULTS AT t/2 LOCATION FOR
ALCAN 8090-T8771 PLATE (1.75" THICK)

COMPANY ORIENTATION S/D EARING BEARING
ULT. sTh. YIELD sTh.

(KS!) (KsI)
----- --------------------------------------------------------------
AIR FORCE L TRANS 1.5 109.9 89.6

112.7 90.6
105.7 87.3

AVERAGE 109.4 89.2

STANDARD DEVIATION 3.5 1.7
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TABLE Fll

FRACTURI TIOUGHNES RESULTS Fm
M.CAN 8090-TS771 PLATE (1.75' THICK)

COMPANY ORIENTATION KIC Kq OMMENT
(KS1 in-0.5) (KS1 LnO0.5)

MARTIN MARIETTA L-T 29.9 (1)
27.9 (1)
28.3 (1)

AIR FORCE L-T 24.7 (2)
23.7 (2)

27.0

AVE•RGE 27.0 26.9

STANDARD DEVIATION 0.0 2.6

(1): INVALID DUE TO a/V < 0.45
(2): INVALID DUN TO Pmx/Plq > 1.1

TABLE 712

FtACTURE TOUGHNESS RESULTS FOR
ALCAM 8090-T8771 PLATE (1.75- THICK)

COMPANY ORIENTATION KIC Kq COIUENT
(KS! innO.5) (KS! Ln-O.S)

---- --------------- -------

MARTIN MARIEMTA S-L 11.1 (1)
11.0 (1)

AIR FORCE S-L 12.1 (1)
12.8 (1)
9.9 (1),(2)

AVERAGE 11.8

STANDARD DEVIATION 0.9

(1): INVALID DUE To Kfat/Kq > 0.6
(2): INVALID DUN TO a,B < 2.5(Kq/YS)-2
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TABLE 113

FRACTURE TOUGHNESS RESULTS FOR
ALCAY 8090-T8771 PLATE (1.75- THICK)

COMPANY ORIENTATION KIC Xq COMMENT
(KSI in40.S) (KS1 WnO.S)

MARTIN MARIETTA T-L 21.0 (1)
20.1 (1)

AIR FORCE T-L 25.0
24.3
22.7

AVSRAGE 24.0 20.6

STANDARD DEVIATION 1.2 0.6

(1): INVALID DUE TO Kfat/Kq > 0.6

TABLE F14

FRACTURE TOUGHNESS RESULTS FOR
ALCAN 8090-T8771 PLATE (1.75- THICK)

COMPANY ORIENTATION KIC Kq COMMENT
(KS LWO.5) (KSI LnAO.5)

MARTIN MARIETTA S-T 13.1 (1)

AVERAGE 13.1

STANDARD DEVIATION 0.0

(1): INVALID DUE TO Kfat/Kq > 0.6
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TABLE FIS

FATIGUE RESULTS WITH R-0.1 AND Kt-1.0 FOR
ALCAN 8090-T8771 PLATE (1.75S THICK)

COMPANY ORIENTATION STRESS CYCLES
(KSI)

AIR FORCE LONG 73.5 5,016
69.0 15,020
66.0 16,366
60.0 36,998
57.0 93,383
50.8 280,000
48.0 95,642
43.5 2,946,918
37.S 17,000,000 *

29.0 10,000,000 *

(*): RUN OUT

TABLE F16

FATIGUE RESULTS WITH R-0.1 AND Kt-3.0 FOR
ALCAN 8090-T8771 PLATE (1.75" THICK)

COMPANY ORIENTATION STRESS CYCLES
(KSI)

AIR FORCE LONG 50.0 3,822
40.0 7,994
30.0 32,103
28.0 39,796
26.0 74,224
24.0 64,517
22.0 135,951
21.0 648,867
20.5 103,502
20.0 10,000,000 *

('): RUN OUT
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* Specimen CG-LT-1
* Specimen CG-LT-2
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CG-LT.1 .1 -2 70 F.
CG-LT-2 .3 -2 70 F.
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FIGURE F2. Fatigue Crack Growth Rate Data tor 8090-T8771 Plate (L-T Orientation).
Martin Marietta.
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FIGURE F3. Fatigue Crack Growth Rate Data for 8090-T"8771 Plate (T-L Orientation).

Martin Marietta.
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FIGURE F4. Fatigue Crack Growth Rate Data for 8090-T8771 Plate (S-T Orientation).
Martin Marietta.
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FIGURE F5. Fatigue Crack Growth Rate Data for 8090-T8771 Plate (L-T Orientation
and 8= -. 1)
Air Force.

195



I0-2"
8090 ALUMINUM
R= .33
'26hz LT 2

10' 73F T 2
LAB AIR
HUMIDITY 37 - 43s

CO104

106

10-7

oseesT83771 plates

1 -10

A K K SI vAL-n

FIGURE F6. Fatigue Crack Growth Rate Data for 8090-TS771 Plate (L-T Orientation
and R-0.33).
Air Force.
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FIGURE F7. Fatigue Crack Growth Rate Data for 8090-T8771 Plate (L-T Orientation
and R-0.1 and High Humiklity).
Air Force.
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Air Force.
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FIGURE F1 0. Mvini-TWIST Spectrum Cradc Growth Rate vs Delta K Data for 8090-T8771
Plate (L-T Odenitation, Room Temperature, Lab Air and Maximu~m Stress
= 16.9 KSU).

Air Force.
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FIGURE F1 2. FALSTAFF Spectrum Crack Growth Rate vs Delta K Data for 8090-T8771
Plate (L-T Orlentaon, Room Temperature, Lab Air and Ma~dmuim Stress
- 20 K*).

Air Force.
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APPENDIX G

IN905XL PRECISION FORGING

INTRODUCTION

The IN905XL Forgings were produced in a pilot plant under developmental conditions in
1986. Significant variability in properties can be expected under such conditions.

The IN905XL forgings were received the first quarter of 1987 and all the participants
except General Dynamics TX tested the material in the as-received condition. General Dynamics
TX exposed the forging to a two-step solution treatment and aging. Figure G 1 shows the
geometry of the IN905XL jack fitting precision forging.

Basic mechanical properties (tension, compression, bearing, etc) were tested according to
ASTM standards, unless otherwise specified.

Constant amplitude fatigue crack growth tests were conducted according to ASTM E647
standard. Northrop Corporation and General Dynamics performed constant amplitude fatigue
crack growth test using K controlled methods. McDonnell Aircraft Company (MCAIR) used a
WOL specimen geometry.

A mini-TWIST (moderately intense fatigue environment) spectrum test was performed by
the Air Force.
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TABLE GI

TENSILE RESULTS FOR

IN905XL FORGING

COMPANY TEST ORIENT- ULTIMATE YIELD ELONG RA E COMMENT
TEMP ATION STRENGTH STRENGTH (%) (%) (MSI)

(DEGREES F) (KSI) (KSI)

AIR FORCE RT LONG 66.6 52.0 11.5 23.0 (1)
65.9 50.6 11.9 21.0 (1)
66.1 52.0 11.8 25.0 (1)
64.3 51.6 13.6 27.6 (2)
63.7 48.7 10.4 12.4 (2)
62.7 49.5 11.0 19.4 (2)
67.7 56.0 13.0 30.3 (1)
68.0 56.1 13.0 25.3 (1)
68.3 57.7 13.0 28.0 (1)

MCAIR RT LONG 75.0 65.0 9.0 18.2 11.6 (1)
75.5 64.5 8.0 15.6 11.9 (1)
74.5 62.0 9.0 20.3 12.4 (1)

LTV RT LONG 68.0 51.5 13.0 21.6 10.8 (1)
67.9 54.8 12.0 17.4 10.8 (1)
64.7 50.2 11.0 9.2 10.8 (1)

NORTHROP RT LONG 67.4 55.4 10.0 11.6 (1)
55.7 12.1 (1)

67.0 55.3 12.0 12.2 (1)
64.3 53.9 12.0 11.5 (2)
65.0 53.3 11.0 11.9 (2)
64.7 51.7 12.0 11.3 (2)

MARTIN RT LONG 75.1 62.2 12.0 13.9 11.4
MARIETTA 75.9 63.8 10.0 14.7 11.4

78.1 64.9 10.0 13.2 11.6

SIKORSKY RT LONG 67.5 57.7 7.5 12.4 (1)
67.8 55.9 14.0 12.2 (1)
68.0 55.3 13.0 12.6 (1)
67.8 54.7 13.0 12.1 (1)
68.9 57.0 13.0 12.7 (1)
68.5 56.1 14.0 12.0 (1)

NASA RT LONG 67.0 57.3 7.0 11.5
LANGLEY 67.9 57.8 9.0 11.4

67.6 58.1 7.0 11.5

AVERAGE 68.4 56.0 11.2 19.8 11.7

STANDARD DEVIATION 3.9 4.5 2.0 6.0 0.5

(1): THIN SECTION (WEB/FLANGE SECTION)
(2): THICK SECTION (END SECTION)
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TABLE G2

TENSILE RESULTS FOR

IN905XL FORGING

COMPANY TEST ORIENT- ULTIMATE YIELD ELONG RA E COMMENT
TEMP ATION STRENGTH STRENGTH (%) (%) (MSI)

(DEGREES F) (KSI) (KSI)

AIR FORCE RT L TRANS 66.9 54.1 9.3 16.8 (1)
67.2 53.9 7.0 11.7 (1)
67.8 54.7 8.0 15.8 (1)
64.9 51.2 13.3 19.9 (2)
64.4 50.4 11.1 19.0 (2)
64.4 49.7 9.3 13.5 (2)
64.8 50.9 9.0 18.3 (1)
64.1 50.1 11.0 12.3 (1)
63.5 49.5 8.0 17.6 (1)

MCAIR RT L TRANS 74.5 66.0 8.0 15.1 12.4 (1)
74.5 61.5 9.0 18.5 12.6 (1)
74.5 64.5 8.0 16.3 11.5 (1)

LTV RT L TRANS 66.8 55.2 10.0 19.2 11.2 (1)
67.0 54.7 10.0 18.6 11.5 (1)
67.4 55.2 12.0 17.7 11.2 (1)

NORTHROP RT L TRANS 66.3 54.9 10.0 11.6 (1)
65.8 54.3 11.0 11.5 (1)
66.6 54.9 12.5 11.6 (1)
64.8 51.4 6.0 11.9 (2)
65.0 52.5 8.0 11.7 (2)
65.3 52.9 8.0 11.9 (2)

MARTIN RT L TRANS 69.5 54.9 4.0 1.6 11.3
MARIETTA 69.8 54.8 3.0 1.6 11.1

69.3 54.6 4.0 3.2 11.0

SIKORSKY RT L TRANS 68.1 56.7 14.0 12.7 (1)
67.9 56.8 10.0 11.8 (1)
69.0 57.8 13.0 13.5 (1)
68.7 58.1 9.0 11.1 (1)

NASA RT L TRANS 67.9 58.1 8.0 11.5
LANGLEY 67.8 58.4 8.0 11.4

68.0 58.4 8.0 11.5

AVERAGE 67.5 55.2 9.0 14.3 11.7

STANDARD DEVIATION 2.9 4.0 2.6 6.1 0.6

(1): THIN SECTION (WEB/FLANGE SECTION)
(2): THICK SECTION (END SECTION)
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TABLE G3

TENSILE RESULTS FOR

IN905XL FORGING

COMPANY TEST ORIENT- ULTIMATE YIELD ELONG RA 3 COMMENT
TEMP ATION STRENGTH STRENGTH (%) (%) (38I)

(DEGREES F) (KSI) (KSI)
----- ---------------------------------------------------------------
LTV RT S TRANS 64.7 50.8 8.0 7.7 11.2 (2)

67.3 54.8 12.0 28.4 10.9 (2)
63.2 50.8 8.0 10.3 11.2 (2)

NORTHROP RT S TRANS 64.1 52.6 6.5 11.4 (1)
64.3 52.2 8.0 12.1 (1)
64.7 51.5 8.0 11.9 (1)

MARTIN RT S TRANS 74.1 61.2 6.0 4.8 11.6
MARIETTA 75.5 62.0 6.0 4.0 11.3

72.6 60.8 4.0 4.8 11.2

SIKORSKY RT S TRANS 67.7 54.8 9.0 11.6 (1)
65.3 50.8 5.0 12.8 (1)

NASA RT S TRANS 63.9 53.3 5.0 11.2
LANGLEY 63.1 53.7 5.0 11.4

63.8 53.6 5.0 11.3

AVERAGE 66.7 54.5 6.8 10.0 11.5

STANDARD DEVIATION 4.2 4.0 2.1 9.3 0.5

(1): THIN SECTION (WEB/FLANGE SECTION)
(2): THICK SECTION (END SECTION)
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TABLE G4

TENSILE RESULTS FOR

IN9O5XL FiRGING

COMPANY TEST ORIENT- ULTIMATE YIELD ELONG RA Z COMMENT
TEMP ATION STRENGTH STRENGTH (t) (%) (MSI)

(DEGREES F) (KSI) (KSI)

GENERAL RT LONG 69.7 57.6 *

DYNAMICS 67.1 59.2 9.7 *

AVERAGE 68.4 58.4 9.7

STANDARD DEVIATION 1.8 1.1

(*) zTHIN SECTION
NOTE: HEAT TREATED WITH THE FOLLOWING SCHEDULE:

STEP 1 - 850F FOR 2 HRS
STEP 2 - 665F FOR 2 HRS
STEP 3 - WARM WATER QUENCH
STEP 4 - 230F FOR 24 HRS

TABLE G5

TENSILE RESULTS FOR

IN905XL FORGING

COMPANY TEST ORIENT- ULTIMATE YIELD ELONG RA E COMMENT
TEMP ATION STRENGTH STRENGTH (%) (%) (MSI)

(DEGREES F) (KSI) (KSI)

GENERAL RT L TRANS 71.2 58.7 P.6 *

DYNAMICS 67.9 56.6 9.7 *

AVERAGE 69.6 57.7 9.2

STANDARD DEVIATION 2.3 1.5 0.8

(*): THIN SECTION
NOTE: HEAT TREATED WITH THE FOLLOWING SCHEDULE:

STEP 1 - 850F FOR 2 HRS
STEP 2 - 665F FOR 2 HRS
STEP 3 - WARM WATER QUENCH
STEP 4 - 230F FOR 24 HRS
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TABLE G6

COMPRESSION RESULTS FOR

IN905XL FORGING

COMPANY TEST ORIENTATION COMPRESSIVE COm SSIVE
TEMPERATURE YIELD STRENGTH MODULUS
(DEGREES F) (KSI) (MSI)

MCAIR RT LONG 65.9 11.9
6S.9 10.4
65.6 11.8

LTV RT LONG 59.1 11.9
53.3 12.1
60.5 12.0

NORTHROP RT LONG S6.6 11.7
57.1 12.2
57.4 12.0

MARTIN RT LONG 70.3 12.4
MARIETTA 70.9 12.3

71.0 12.3

SIKORSKY RT LONG 57.9 13.2
56.6 11.2

NASA RT LONG 60.7 11.7
LANGLEY 61.4 11.7

61.6 11.7

AVERAGE 61.9 11.9

STANDARD DEVIATION 5.5 0.6

NOTE: NORTHROP SPECIMENS TAKEN FROM WEB/FLANGE SECTION.
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TABIL 07

COMPRESSION RESULTS FOR

IN905XL FORGING

COMPANY TEST ORIENTATION COMPRESSIVE COMPRESSIVE
TEMPERATURE YIELD STRENGTH MODULUS
(DEGREES F) (KSI) (HSI)

MCAIR RT L TRANS 64.2 12.1
62.5 12.4
62.0 12.7

LTV RT L TRANS 57.3 11.5
58.9 12.3
56.5 12.2

NORTHROP RT L TRANS 56.2 11.9
56.0 11.8
56.0 11.9

MARTIN RT L TRANS 67.2 12.3
MARIETTA 67.2 12.2

67.3 12.3

SIKORSKY RT L TRANS 56.2 12.5
55.5 11.8
55.4 12.4

NASA RT L TRANS 59.3 11.7
LANGLEY 59.2 11.6

59.2 11.7

AVERAGE 59.8 12.1

STANDARD DEVIATION 4.3 0.3

NOTE: NORTHROP SPECIMENS TAKEN FROM WEB/FLANGE SECTION.
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TABLE as

COMPRESS1ION RESULTS FOR

IN90SXL FORGING

COMPANY TEST ORIENTATION COMPRESSIvE COMPRESSIvE
TEMPERATURE YIELD STRENGTH MODULUS
(DEGREES F) (KsI) (Ms5)

LTV RT S TRANS 54.1 11.5
59.3 12.0
53.7 11.8

NORTHROP RT S TRANS 50.8 11.9
51.1 11.9
50.1 11.8

MARTIN RT S TRANS 57.1 12.2
MARIETTA 57.1 12.1

56.5 12.0

NASA RT S TRANS 56.5 11.6

LANGLEY

AVERAGE 54.6 11.9

STANDARD DEVIATION 3.2 0.2

NOTE: NORTHROP SPECIMENS TAKEN FROM WEB/FLANGE SECTION.
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TABLE G9

COMPRESSION RESULTS iR

IN905XL FORGING

COMPANY TEST ORIENTATION COMPRESSIVE COMPRESSIVE
TEMPERATURE YIELD STRENGTH MODULUS
(DEGREES F) (KsX) (Hsi1)

GENERAL RT LONG 58.0 11.4
DYNAMICS (*)

(*): HEAT TREATED TO THE FOLLOWING SCHEDULE:
STEP 1 - 850F FOR 2 HRS
STEP 2 - 665F FOR 2 HRS
STEP 3 - WARM WATER QUENCH
STEP 4 - 230F FOR 24 HRS

TABLE G1O

COMPRESSION RESULTS FOR

IN905XL FORGING

COMPANY TEST ORIENTATION COMPRESSIVE COMPRESSIVE
TEMPERATURE YIELD STRENGTH MODULUS
(DEGREES F) (KSI) (HSI)

GENERAL RT L TRANS 59.3 11.7
DYNAMICS (*) 55.9 11.7

AVERAGE 57.6 11.7

STANDARD DEVIATION 2.4 0.0

('): HEAT TREATED TO THE FOLLOWING SCHEDULE:
STEP 1 - 850F FOR 2 HRS
STEP 2 - 665F FOR 2 HRS
STEP 3 - WARM WATER QUENCH
STEP 4 - 230F FOR 24 HRS
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TABLE Gl1

105IPSSCU SHEMR RESULTS FOR

IN9O5XL FORGING

COMPANY ORIENTATION SHEAR
STRENGTH

(KSI)

LTV LONG 41.8
41.7

AVERAGE 41.8

STANDARD DEVIATION 0.1

TABLE G12

IOSIPESCU SHEAR RESULTS FOR

IN905XL FORGING

COMPANY ORIENTATION SHEAR
STRENGTH

(KSI)
---------------------------------------------------------------

LTV L TRANS 40.4
41.4
41.7
41.1

AVERAGE 41.2

STANDARD DEVIATION 0
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TABLE G13

AMBLER DOUBLE SHEAR RESULTS FOR

IN905XL FORGING

COMPANY ORIENTATION SHEAR
STRENGTH

(KsI)

GENERAL DYNAMICS (*) L - S 37.7
37.9

AVERAGE 37.8

STANDARD DEVIATION 0.1

(*): HEAT TREATED TO THE FOLLOWING SCHEDULE:
STEP 1 - 850F FOR 2 HRS
STEP 2 - 665F FOR 2 HRS
STEP 3 - WARM WATER QUENCH
STEP 4 - 230F FOR 24 HRS

TABLE G14

AMSLER DOUBLE SHEAR RESULTS FOR

IN905XL FORGING

COMPANY ORIENTATION SHEAR
STRENGTH

(ISI)

NORTHROP L - S 39.6
39.3
39.3

NASA-LANGLEY L - S 41.0
40.9
40. 7

AVERAGE 40.1

STANDARD DEVIATION 0.8
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TABLE 015

AMSLER DOUBLE SHEAR RESULTS FOR

IN9OSXL FORGING

COMPANY ORIENTATION SHEAR
STRENGTH

(KSI)

NASA-LANGLEY T - S 40.9
41.0
40.7

AVERAGE 40.9

STANDARD DEVIATION 0.2

TABLE G16

SLOTTED SHEAR RESULTS FOR

IN90SXL FORGING

COMPANY ORIENTATION SHEAR
STRENGTH

(KSI)

MCAIR LONG 44.5
41.5
38.0

AVERAGE 41.3

STANDARD DEVIATION 3.3
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TABLE GI7

BEARING RESULTS FOR

IN9O5XL FORGING

COMPANY ORIENTATION e/D BEARING BEARING
ULT. STR. YIELD STR.

(KSI) (1I)

LTV LONG 1.5 97.0 82.5
95.9 83.7

NORTHROP LONG 1.5 102.0 83.9
89.4 77.7

100.8 82.3

NASA-LANGLEY LONG 1.5 88.4 79.3
92.6 78.7

AVERAGE 97.0 82.0

STANDARD DEVIATION 5.0 2.5

NOTE: NORTHROP SPECIMENS TAKEN FROM WEB/FLANGE SECTION.

TABLE G18

BEARING RESULTS FOR

IN905XL FORGING

COMPANY ORIENTATION e/D BEARING BEARING
ULT. STR. YIELD STR.

(KSI) (KSI)

LTV L TRANS 1.5 118.0 91.5
115.0 97.9

NORTHROP L TRANS 1.5 85.3 77.3
98.1 82.3
86.7 77.2

AVERAGE 100.6 85.2

STANDARD DEVIATION 15.4 9.2

NOTE: NORTHROP SPECIMENS TAKEN FROM WEB/FLANGE SECTION.
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TABLE 019

BEARING RESULTS FOR

IN905XL FORGING

COMPANY ORIENTATION O/D BEARING BEARING
ULT. STR. YIELD STR.

(KSI) (KSI)

MCAIR LONG 2.0 125.0 104.0
125.0 107.0
124.0 102.0

LTV LONG 2.0 118.0 91.5
115.0 97.9

NORTHROP LONG 2.0 125.1 96.5
125.9 95.7
125.9 93.7

AVERAGE 123.0 98.5

STANDARD DEVIATION 4.1 5.3

TABLE G20

BEARING RESULTS FOR

IN9OSXL FORGING

COMPANY ORIENTATION e/D BEARING BEARING
ULT. STR. YIELD STR.

(KSI) (KSI)

GENERAL LONG 2.0 111.0 93.4
DYNAMICS (*) 113.3 92.9

AVERAGE 112.2 93.2

STANDARD DEVIATION 1.6 0.4

(*): HEAT TREATED TO THE FOLLOWING SCHEDULE:
STEP 1 - 850F FOR 2 HRS
STEP 2 - 665F FOR 2 HRS
STEP 3 - WARM WATER QUENCH
STEP 4 - 230F FOR 24 HRS
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TABLE G21

BEARING RESULTS FOR

IN905XL FORGING

COMPANY ORIENTATION e/D BEARING BEARING
ULT. STR. YIELD STR.

(KSI) (KSI)

MCAIR L TRANS 2.0 105.0 101.0
123.0 103.0
122.0 103.0

LTV L TRANS 2.0 117.2 100.5
124.7 97.3

NORTHROP L TRANS 2.0 117.5 89.0
124.2 92.2
115.7 89.0

AVERAGE 118.7 96.9

STANDARD DEVIATION 6.5 6.0

TABLE G22

BEARING RESULTS FOR

IN905XL FORGING

COMPANY ORIENTATION e/D BEARING BEARING
ULT. STR. YIELD STR.

(KSI) (KSI)

GENERAL L TRANS 2.0 108.4 89.3
DYNAMICS (*) 107.9 90.4

AVERAGE 108.2 89.9

STANDARD DEVIATION 0.4 0.8

(*): HEAT TREATED TO THE FOLLOWING SCHEDULE:
STEP 1 - 850F FOR 2 HRS
STEP 2 - 665F FOR 2 HRS
STEP 3 - WARM WATER QUENCH
STEP 4 - 230F FOR 24 HRS
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TABLE G23

FRACTURE TOUGHNESS RESULTS FOR

IN905XL FORGING

COMPANY ORIENTATION KIC Kq COMMENT
(KSI in^0.5) (KSI inAO.5)

MCAIR L-T 18.8 VALID
24.9 VALID

NORTHROP L-T 37.9 (1)
38.3 (1)

MARTIN L-T 27.7 (2)
MARIETTA

AVERAGE 21.9 .34.6

STANDARD DEVIATION 4.3 6.0

(1): INVALID DUE TO Pmax/Pq > 1.10
(2): INVALID DUE TO PRE-CRACK GROWTH > 0.55W

NOTE: NORTHROP SPECIMENS TAKEN FROM END SECTION.
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TABLE G24

FRACTURE TOUGHNESS RESULTS FOR

IN905XL FORGING

COMPANY ORIENTATION KIC Kq COMMENT
(KSI in^0.5) (KSI in^0.5)

MCAIR T-L 23.5 VALID
21.0 VALID

LTV T-L 33.9 (1)
35.4 (1)
31.5 (1)
33.4 (1)

NORTHROP T-L 34.4 (1)
33.4 (1)

MARTIN T-L 22.8 (2)
MARIETTA 21.7 (2)

AVERAGE 22.3 30.8

STANDARD DEVIATION 1.7 5.4

(1): INVALID DUE TO PMax/Pq > 1.10
(2): INVALID DUE TO PRE-CRACK GROWTH > 0.55W

NOTE: NORTHROP SPECIMENS TAKEN FROM END SECTION.
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TABLE G25

FRACTURE TOUGHNESS RESULTS FOR

IN905XL FORGING

COMPANY ORIENTATION KIC Kq COMMENT
(KSI in^0.5} (KSI in^0.5)

LTV T-S 34.1 (1)
33.3 (1)

AVERAGE 33.7

STANDARD DEVIATION 0.6

(1): INVALID DUE TO Pmax/Pq > 1.10
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TABLE G26

FRACTURE TOUGHNESS RESULTS FOR

IN905XL FORGING

COMPANY ORIENTATION KIC Kq COMMENT
(KSI jnA0.5) (KSI in'0.5)

MCAIR S-T 17.8 VALID
19.3 VALID

MARTIN S-T 15.6
MARIETTA 16.3

15.0 (1)

AVERAGE 17.2 15.0

STANDARD DEVIATION 1.6

(1): INVALID DUE TO PRE-CRACK GROWTH > 0.55W

TABLE G27

FRACTURE TOUGHNESS RESULTS FOR

IN905XL FORGING

COMPANY ORIENTATION KIC Kq COMMENT
(KSI in^0.5) (KSI inA0.5)

MARTIN S-L 19.5 VALID
MARIETTA 19.1 (1)

23.8 (2)

AVERAGE 19.5 21.5

STANDARD DEVIATION , 3.3

(1): INVALID DUE TO ASSYMETRIC CRACK GROWTH
(2): INVALID DUE TO PRE-CRACK GROWTH > 0.55W
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TABLE 028

FRACTURE TOUGHNESS RESULTS FOR

IN90SXL FORGING

COMPANY ORIENTATION KiC Kq COMMENT
(KSI inýO.5) (KSI in^0.5}

GENERAL L-T 32.4 (1),(2)
DYNAMICS 35.1 (1),(2)

AVERAGE 33.8

STANDARD DEVIATION 1.9

(1): SPECIMEN THICKNESS LESS THAN REQUIRED FOR VALIDITY
(2): HEAT TREATED TO THE FOLLOWING SCHEDULE:

STEP 1 - 850F FOR 2 HRS
STEP 2 - 66SF FOR 2 HRS
STEP 3 - WARM WATER QUENCH
STEP 4 - 230F FOR 24 HRS

TABLE G29

FRACTURE TOUGHNESS RESULTS FOR

IN9O5XL FORGING

COMPANY ORIENTATION KIC Kq COMMENT
(KSI in^0.5) (KSI in^0.5)

GENERAL T-L 29.8 (1),(2)
DYNAMICS 30.7 (1),(2)

AVERAGE 30.3

STANDARD DEVIATION 0.6

(1): SPECIMEN THICKNESS LESS THAN REQUIRED FOR VALIDITY
(2): HEAT TREATED TO THE FOLLOWING SCHEDULE:

STEP 1 - 850F FOR 2 HRS
STEP 2 - 665F FOR 2 HRS
STEP 3 - WARM WATER QUENCH
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TABLE 030

FATIGUE RESULTS WITH R-O.1 AND Kt-1.0 fOR

IN905XL FORGING

COMPANY ORIENTATION STRESS CYCLES
(KSI)

SIKORSKY LONG 70.0 3,000 0
70.0 7,000 1
60.0 16,000 &
60.0 11,000
50.0 42,000
50.0 10,000,000 *
45.0 10,000,000 *

40.0 10,000,000 *

(*)s INDICATES A RUNOUT TEST
(I)" INDICATES THAT SPECIMEN WAS PREVIOUSLY TESTED TO RUNOUT @40 KSI
(1): INDICATES THAT SPECIMEN WAS PREVIOUSLY TESTED TO RUNOUT @50 KSI
(&}: INDICATES THAT SPECIMEN WAS PREVIOUSLY TESTED TO RUNOUT @45 KSI
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TABLE G31

FATIGUE RESULTS WITH Ri0.1 AND Kt-1.0 FOR

IN905XL FORGING

COMPANY ORIENTATION STRESS CYCLES
(KSI)

SIKORSKY L TRANS 60.0 19,000 1
50.0 10,000,000 *

(*): INDICATES A RUNOUT TEST
(#) zINDICATES THAT SPECIMEN WAS PREVIOUSLY TESTED TO RUNOUT @ 50 KSI
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TABLE G32

FATIGUE RESULTS WITH R-O.1 AND Kt-1.0 FOR

IN9O5XL FORGING

COMPANY ORIENTATION STRESS CYCLES
(KSI)

SIKORSKY S TRANS 70.0 1,000 #
60.0 23,000
S0.0 10,000,000 *

(*): INDICATES A RUNOUT TEST
(#): INDICATES THAT SPECIMEN WAS PREVIOUSLY TESTED TO RUNOUT * 50 KSI
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TABLE G33

FATIGUE RESULTS WITH R--1.0 AND Ktal.0 FOR

IN905XL FORGING

COMPANY ORIENTATION STRESS CYCLES
(KSI)

----------------------------------------------------------------------

SIKORSKY LONG 35.0 61,200
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TABLE G34

FATIGUE RESULTS WITH R=-1.0 AND Kt-1.0 FOR

IN9O5XL FORGING

COMPANY ORIENTATION STRESS CYCLES
(KSI)

SIKORSKY L TRANS 60.0 1,000 1
50.0 2,000 1
45.0 12,500
45.0 12,000 &
40.0 32,500
35.0 10,000,000 *
30.0 10,000,000 *

20.0 10,000,000 *

('): INDICATES A RUNOUT TEST
(I): INDICATES THAT SPECIMEN WAS PREVIOUSLY TESTED TO RUNOUT @ 30 KSI
(1): INDICATES THAT SPECIMEN WAS PREVIOUSLY TESTED TO RUNOUT @ 20 KSI
(&): INDICATES THAT SPECIMEN WAS PREVIOUSLY TESTED TO RUNOUT @ 35 KSI
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TABLE G35

FATIGUE RESULTS WITH R=0.1 AND Kt-3.07 FOR

IN905XL FORGING

COMPANY ORIENTATION STRESS CYCLES
(KSI)

SIKORSKY LONG 40.0 2,400 #
30.0 17,000 f

20.0 57,000
15.0 96,000
10.0 10,000,000 *

10.0 10,000,000 *

(*): INDICATES A RUNOUT TEST
(1): INDICATES THAT SPECIMEN WAS PREVIOUSLY TESTED TO RUNOUT @ 10 KSI
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TABLE G36

FATIGUE RESULTS WITH R=0.1 AND Kt=3.07 FOR

IN905XL FORGING

COMPANY ORIENTATION STRESS CYCLES
(KSI)

SIKORSKY L TRANS 30.0 10,000 1
15.0 187,400
10.0 10,000,000

(*): INDICATES A RUNOUT TEST
(1): INDICATES THAT SPECIMEN WAS PREVIOUSLY TESTED TO RUNOUT @ 10 KSI
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TABLE G37

FATIGUE RESULTS WITH R-0.1 AND Kt-3.07 FOR

IN905XL FORGING

COMPANY ORIENTATION STRESS CYCLES
(KSI)

SIKORSKY S TRANS 30.0 16,000 #
20.0 213,400
15.0 10,000,000 *

(*): INDICATES A RUNOUT TEST
(I): INDICATES THAT SPECIMEN WAS PREVIOUSLY TESTED TO RUNOUT @ 15 KSI
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TABLE G38

FATIGUE RESULTS WITH R--1.O AND Kt-3.07 FOR

IN905XL FORGING

COMPANY ORIENTATION STRESS CYCLES
(KSI)

SIKORSKY LONG 20.0 14,000
15.0 67,000

(*): INDICATES A RUNOUT TEST
(#): INDICATES THAT SPECIMEN WAS PREVIOUSLY TESTED TO RUNOUT @ 15 KSI
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TABLE G39

FATIGUE RESULTS WITH R--1.O AND Kt-3.07 FOR

IN905XL FORGING

COMPANY ORIENTATION STRESS CYCLES
(KSI)

----- --------------------------------------------------------------
SIKORSKY L TRANS 30.0 4,000 1

15.0 50,000
12.5 112,400
10.0 10,000,000 *

(*): INDICATES A RUNOUT TEST
(1): INDICATES THAT SPECIMEN WAS PREVIOUSLY TESTED TO RUNOUT @ 10 KSI
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10-1 FATIGUE CRACK GROWTH RATES
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Figure G6 Watigue Crack Growth Rate Data for IN905XL Forging

(L-T Orientation, KGRAD -2.00 and 2.00). Northrop.
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10.4 FATIGUE CRACK GROWTH RATES
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"rigure r,7 Fatigue Crack Growth Rate Data for IN905XL Forging
(L-T Orientation, KrARAD -4.00 and 4.00). Northrop.
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10-4 FATIGUE CRACK GROWTH RATES
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rigure CR ratigue Crack Crowth Rate Data for IN90SYL Forging

(T-1, Orientation, KGRAn -2.00 and 2.00). Northrop.
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10-4 FATIGUE CRACK GROWTH RATES
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Figure G9 ratigue Crack Growth Rate Data for I11905XL Forging

(T-L Orientation. KGRAD -4.00 and 4.00). Northrop.
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10-4 FATIGUE CRACK GROWTH RATES
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Figure Gl0 Fatigue Crack Crowth Rate nlata 'For Iaon5vL Poroinfr,
(S-L Orientation, KGRAD -2.00 and 2.00). Northrop.
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10.3 FATIGUE CRACK GROWTH RATES
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Figure r-11 Fatigue Crack Growth Rate Data for IN905XL Forging
(S-L Orientation, KcRAY) -2.00, 2.00 and 2.00). Northrop.
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Figure G12 Fatigue Crack Growth Rate Data for Solutiontreated and
aged IN905XL Forging (L-T and T-L Orientation, R=0.1, Lab

Air and a third order regression fit to each data set).

General Dynamics TX.
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APPENDIX H

AL905XL PRECISION FORGING

INTRODUCTON

The IN905XL and AL905XL are the same alloy but they were produced in different years
and production plants. In 1989, Inco Alloys International constructed a production facility to
make the AL905XL and other mechanically alloyed aluminum alloys. Production practices
through all stages of alloy manufacture were changed to yield greatly improved reproducibility.

The AL905XL forgings were received the second quarter of 1989. All the participants
tested the material in the as received condition. Figure H1 shows the geometry of the AL905XL
back-up fitting precision forging.

TESTING

Basic mechanical properties (tension, compression, bearing, etc.) were tested according to
ASTM standards, unless otherwise specified.

Constant amplitude fatigue crack growth tests were conducted according to ASTM E647
standard. The growth rate a-N data that were generated by the participants (Northrop,
McDonnell Aircraft Company and the Air Force) were reduced using a seven-point incremental
polynomial method. This involves fitting a second-order polynomial (parabola) to sets of seven
successive data points. The data are also checked against size requirements per ASTM E647,
Section 7.2. Northrop also performed two constant amplitude fatigue crack growth tests using a
K-decreasing method.

Spectrum fatigue crack growth tests were performed by the Air Force using FALSTAFF
(a severe fatigue environment) and Mini-TWIST ( a moderately intense fatigue environment)
spectrums.

Stress Corrosion tests were performed by Wyman Gordon and the results are shown in
tabular form.
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TABLE HI

TENSILE RESULTS FOR

INCOMAP AL90SXL DIE FORGING

COMPANY TEST ORIENT- ULTIMATE YIELD ELONG RA E
TEMP ATION STRENGTH STRENGTH (%) (%) (MSI)

(DEGREES F) (KSI) (KSI)

AIR FORCE RT LONG 79.0 70.9 24.0
77.3 67.8 16.7
76.9 71.7 9.9 22.6

LTV RT LONG 74.7 66.7 12.0 13.4
74.5 67.5 7.7 13.2
75.0 67.7 11.6 13.1

MCAIR RT LONG 75.0 66.0 11.0 22.1 11.3
75.5 66.5 11.0 20.0 11.9
75.0 65.5 11.0 17.8 10.6

WYMAN-GORDON RT LONG 75.2 67.8 9.0
73.6 62.8 12.0
73.2 64.2 11.0

NASA-LANGLEY RT LONG 76.7 67.7 9.0 11.3
76.1 67.9 9.0 11.3
77.1 68.7 8.8 11.3

MCDONNELL RT LONG 73.5 65.7 13.0
DOUGLAS 72.5 64.1 13.0
HELICOPTER 73.3 62.1 12.0

MARTIN RT LONG 75.3 64.3 12.0 18.3 11.6
MARIETTA 75.3 65.0 12.0 23.2 12.0

72.9 61.2 12.0 24.1 11.6

NORTHROP RT LONG 76.1 66.8 10.2 27.8 12.1
76.0 66.9 7.8 18.9 11.8
76.1 67.1 8.6 18.3 11.7

AVERAGE 75.2 66.4 10.6 21.1 11.9

STANDARD DEVIATION 1.6 2.5 1.6 3.3 0.8
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TABLE H2

TENSILE RESULTS FOR

INCOMAP AL90SXL DIE FORGING

COMPANY TEST ORIENT- ULTIMATE YIELD BLONG RA B
TEMP ATION STRENGTH STRENGTH (t) (%) (HSI)

(DEGREES F) (KSI) (KSI)

AIR FORCE RT L TRANS 72.0 60.4 8.7 20.8
72.5 62.4 8.7 16.6
71.1 58.1 8.3 16.7

LTV RT L TRANS 71.8 61.2 8.0 13.1
72.2 61.3 8.8 12.8
71.4 58.9 8.4 12.9

MCAIR RT L TRANS 72.5 60.0 9.0 13.6 11.2
72.5 60.0 9.0 16.5 11.2
73.0 60.0 7.0 13.8 10.5

WYMAN-GORDON RT L TRANS 72.0 60.8 8.0
72.2 57.2 8.0
72.3 60.1 8.0

NASA-LANGLEY RT L TRANS 73.5 60.5 7.5 11.2
73.5 60.5 7.1 11.2
73.1 59.2 8.8 11.2

MCDONNELL RT L TRANS 68.0 57.0 7.0
DOUGLAS 67.3 53.7 7.0
HELICOPTER 71.3 62.6 12.0

MARTIN RT L TRANS 72.4 58.7 11.0 17.6
MARIETTA 71.8 60.2 11.0 13.9

71.7 56.8 12.0 16.1

NORTHROP RT L TRANS 72.9 58.5 8.6 18.3 11.5
73.9 60.4 6.2 14.4 11.2
74.4 61.3 9.4 14.4 11.7

AVERAGE 72.1 59.6 8.6 16.1 11.6

STANDARD DEVIATION 1.6 2.0 1.5 2.2 0.8
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TABLE H3

TENSILE RESULTS FOR

INCOMAP AL905XL DIE FORGING

COMPANY TEST ORIENT- ULTIMATE YIELD ELONG RA E
TEMP ATION STRENGTH STRENGTH (S) (%) (HSI)

(DEGREES F) (KSI) (KSI)

AIR FORCE RT S TRANS 72.6 56,6 6.4 12.3
72.5 59.4 5.3 13.8
72.4 59.5 3.9 7.8

LTV RT S TRANS 69.1 56.4 3.1 13.3
71.2 58.4 5.3 13.9
69.4 56.0 3.1 14.3

MCAIR RT S TRANS 70.5 61.5 5.0 7.9 13.4
71.5 58.5 7.0 12.4 10.8
71.5 59.0 8.0 14.8 10.9

WYMAN-GORDON RT S TRANS 69.6 54.4 6.0
70.0 56.0 8.0
70.6 56.1 7.0

NASA-LANGLEY RT S TRANS 70.4 56.3 4.9 11.2
70.6 55.7 4.8 11.2
70.8 55.3 4.8 11.1

MCDONNELL RT S TRANS 67.7 54.5 11.0
DOUGLAS 68.0 54.0 10.0
HELICOPTER 68.7 55.6 10.0

MARTIN RT S TRANS 68.3 57.1 4.0 7.0 11.7
MARIETTA 70.2 54.7 5.0 5.5 11.5

68.4 54.9 5.0 4.0 11.5

NORTHROP RT S TRANS 72.4 59.4 7.8 17.8 11.2
71.1 57.6 7.8 9.7 11.5
71.5 57.9 7.8 16.5 11.3

AVERAGE 70.4 57.0 6.3 10.8 11.9

STANDARD DEVIATION 1.5 2.0 2.2 4.5 1.2
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TABLE H4

COMPRESSION RESULTS FOR

INCOMAP AL905XL DIE FORGING

COMPANY TEST ORIENTATION COMPRESSIVE COMPRESSIVE
TEMPERATURE YIELD STRENGTH MODULUS
(DEGREES F) (KSI) (HSI)

---- ----------------------------------------------------------------
LTV RT LONG 72.5 11.8

73.9 11.7
73.3 12.2

MCAIR RT LONG 64.0 9.9
66.0 10.3
56.5 9.4

WYMAN-GORDON RT LONG 64.4
70.0
70.6

NASA-LANGLEY RT LONG 70.5 11.5
70.3 11.5

MARTIN RT LONG 70.4
MARIETTA 72.0

70.4

NORTHROP RT LONG 70.9 11.8
70.4 11.7
67.1 11.8

AVERAGE 69.0 11.2

STANDARD DEVIATION 4.3 0.9
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TABLE HS

COMPRESSION RESULTS FOR

INCOMAP AL905XL DIE FORGING

COMPANY TEST ORIENTATION COMPRESSIVE COMPRESSIVE
TEMPERATURE YIELD STRENGTH MODULUS
(DEGREES F) (KSI) (MSI)

NASA-LANGLEY RT L TRANS 56.4 11.5
55.3 11.4
55.9 11.5

AVERAGE 55.9 11.5

STANDARD DEVIATION 0.6 0.1

TABLE H6

COMPRESSION RESULTS FOR

INCOMAP AL9O5XL DIE FORGING

COMPANY TEST ORIENTATION COMPRESSIVE COMPRESSIVE
TEMPERATURE YIELD STRENGTH MODULUS
(DEGREES F) (KSI ) (MSI)

LTV RT S TRANS 58.5 11.8
58.8 11.6
60.5 12.2

MCAIR RT S TRANS 54.0 10.4
53.5 9.6
64.0 10.4

WYMAN-GORDON RT S TRANS 60.6
63.1
61.5

MARTIN RT S TRANS 57.1
MARIETTA 58.2

57.1

NORTHROP RT S TRANS 56.9 11.7
57.8 11.8
58.1 11.8

AVERAGE 58.6 11.3

STANDARD DEVIATION 2.9 0.9
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TABLE H7

AKSLER DOUBLE SHEAR RESULTS FOR

INCOMAP AL90SXL DIE FORGING

COMPANY ORIENTATION SHEAR
STRENGTH

(KSI)

LTV L - S 32.8
33.1
36.5

NASA-LANGLEY L - S 42.3
41.1
41.6

MCDONNELL DOUGLAS L - S 41.4
HELICOPTER 41.5

41.7

NORTHROP L - S 39.1
41.2
41.9

AVERAGE 39.5

TABLE H8

PIN SHEAR RESULTS FOR

INCOMAP AL905XL DIE FORGING

COMPANY ORIENTATION SHEAR
STRENGTH

(KSI)

MCAIR L - S 42.2
40.6
42.0

WYMAN-GORDON L - S 40.4
50.0
40.2

AVERAGE 42.6

STANDARD DEVIATION 3.7
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TABLE H9

BEARING RESULTS FOR

INCOMAP AL90SXL DIE FORGING

COMPANY ORIENTATION O/D BEARING BEARING
ULT. STR. YIELD STR.

(KSI) (KSI)
----------------------------------------------------------------------
LTV LONG 1.5 100.7 88.7

96.0 91.4

MCAIR LONG 1.5 101.4
100.2

WYMAN-GORDON LONG 1.5 103.1
99.2

NORTHROP LONG 1.5 101.6 91.3
98.5 89.1

AVERAGE 100.1 90.1

STANDARD DEVIATION 2.2 1.4

TABLE H1O

BEARING RESULTS FOR

INCOMAP AL905XL DIE FORGING

COMPANY ORIENTATION O/D BEARING BEARING
ULT. STR. YIELD STR.

(KSI) (KSI)
----------------------------------------------------------------------
LTV LONG 2.0 125.2 101.2

122.3 100.5

MCAIR LONG 2.0 129.8 127.8
133.2 129.4

WYMAN-GORDON LONG 2.0 127.6
122.5

NORTHROP LONG 2.0 134.9 107.1
133.1 106.6

AVERAGE 128.6 112.1

STANDARD DEVIATION 5.0 13.1
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TABLE H1i

FRACTURE TOUGHNESS RESULTS FOR

INCOMAP AL9O5XL DIE FORGING

COMPANY ORIENTATION KIC Kq COMMENT
(KSI in^0.5) (KSI in^0.1-,)

AIR FORCE L-T 27.1 VALID
23.6 VALID

LTV L-T 28.9 VALID
27.7 VALID

MCAIR L-T 27.1 INVALID(1)
29.9 VALID

WYMAN-GORDON L-T 29.5 VALID
28.9 VALID

MCDONNELL L-T 31.1 INVALID(2)
DOUGLAS 29.9 INVALID(2)
HELICOPTER

MARTIN L-T 31.2 VALID
MARIETTA 30.8 VALID

NORTHROP L-T 29.1 VALID
29.9 INVALID(2)

AVERAGE 28.7 29.5

STANDARD DEVIATION 2.2 1.7

(1): DIFF. BETWEEN SURFACE CRACK LENGTHS > 10% OF AVERAGE CRACK LENGTH
(2): Pmax/Pq EXCEEDED 1.10
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TABLE H12

FRACTURE TOUGHNESS RESULTS FOR

INCOMAP AL90SXL DIE FORGING

COMPANY ORIENTATION KIC Kq COMMENT
(KSI in-0.5} (KSI in-0.5}

AIR FORCE T-L 22.3 VALID
21.3 VALID

LTV T-L 19.0 VALID
19.1 VALID

MCAIR T-L 25.7 VALID
24.0 VALID

WYMAN-GORDON T-L 22.2 VALID
20.4 VALID

MCDONNELL T-L 28.2 INVALID(1)
DOUGLAS 29.0 INVALID(1)
HELICOPTER

MARTIN T-L 23.1 VALID
MARIETTA

NORTHROP T-L 24.1 VALID
25.4 VALID

AVERAGE 22.4 28.6

STANDARD DEVIATION 2.3 0.6

(1): Pmax/Pq EXCEEDED 1.10
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TABLE H13

FRACTURE TOUGHNESS RESULTS FOR

INCOMAP AL905XL DIE FORGING

COMPANY ORIENTATION KIC Kq COMMENT
(KSI inAO.5) (KSI In0.5)

---------------------------------------------------------------------------------

AIR FORCE S-L 21.2 VALID

LTV S-L 20.5 VALID
20.6 VALID

MCAIR S-L 24.9 INVALID(1)

WYMhN-GORDON S-L 21.8 VALID
20.9 VALID

MARTIN S-L 22.9 VALID
MARIETTA 23.6 INVALID(2)

AVERAGE 21.3 24.3

STANDARD DEVIATION 0.9 0.9

(1): DIFF. BETWEEN SURFACE CRACK LENGTHS > 10% OF AVERAGE CRACK LENGTH
(2): PRECRACK LENGTH TOO LONG, a/W-0.6
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TABLE H14

FRACTURE TOPGHNESS RESULTS FOR

INCOMAP AL9O5XL DIE FORGING

COMPANY ORIENTATION KIC Kq COMMENT
(KSI inAO.5) (KSI inAO.5)

AIR FORCE S-T 26.1 VALID
22.3 VALID

LTV S-T 21.1 INVALID(1)
24.6 VALID

MCAIR S-T 27.2 INVALID(2)
25.2 INVALID(2)

WYMAN-GORDON S-T 22.6 VALID
22.9 VALID

MCDONNELL S-T 29.5 INVALID(3)
DOUGLAS 26.2 VALID
HELICOPTER

MARTIN S-T 24.2 VALID
MARIETTA 24.2 VALID

NORTHROP S-T 26.2 VALID
24.1 VALID

AVERAGE 24.3 25.8

STANDARD DEVIATION 1.5 3.6

(1): CRACK SYMMETRY OUTSIDE LIMITS
(2): DIFF. BETWEEN SURFACE CRACK LENGTHS > 10% OF AVERAGE CRACK LENGTH
(3): W,B > 2.5(Kq/YS)**2
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TABLE H15

FATIGUE RESULTS WITH R-0.1 AND Kt-1.0 FOR

INCOMAP AL905XL DIE FORGING

COMPANY ORIENTATION STRESS CYCLES
(KSI)

MCDONNELL LONG 50.0 12,300
DOUGLAS 45.0 29,200
HELICOPTER 42.5 133,200

41.0 467,400
40.0 146,500
39.0 1,346,200
38.0 10,685,100 *
35.0 14,455,400 *
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TABLE H1I

STRESS CORROSION PROPERTIES
FOR AL905XL FORGING

WYMAN GORDON

ASTM (347
Specimen Size: .125" dia. x 1.80" long
Tested at Dirats Laboratories

No. of Days
/N Orientatin Loion i Load (k* to F~kure

31 S rail 30 Passed
32 S rail 30 Passed
33 S rib 30 Passed
34 S rail 40 Passed
35 S rail 40 Passed
36 S rib 40 Passed
39"* S rail 50 Passed
40 S rail 55 Passed

Minimum 30 days by alternate immersion in 3.5% NaCI.

Specimens actually ran 50 days and then was terminated.
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APPENDIX I

WELDALITE 049'- RX815 PLATE (2095-T8)
(0.5" X 24" X 48")

INTRODUTIQON

The Reynold's 2095-T'8 0.5-inch plates were received the first quarter of 1991.
The 2095 was received in the T8 condition.

TESTING

Basic mechanical properties (tension, compression, bearing, etc) were tested according to
ASTM standards, unless otherwise specified. General Dynamics generated hardness and
conductivity data. Constant amplitude fatigue crack growth tests were conducted according to
ASTM E647 standard. Northrop Corporation performed constant amplitude fatigue crack growth
test using K controlled methods. A T-38 LIF (lead-in-fighter) spectrum test was performed by
Northrop Corporation. The spectrum specimen was not precracked but contained a countersunk
hole to simulate a crack initiating from a fastener hole. The Army evaluated the ballistic
performance of the material. The Army and Northrop Corporation have corrosion tests in progress.
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TABLE I I

TENSILE RESULTS AT t/2 LOCATION FOR REYNOLDS
2095-T8 PLATE (0.5' X 24" X 48")

COMPANY TEST ORIENT- ULTIMATE YIELD ZLONG RA z

TEMP ATION STRENGTH STRENGTH (0) (t) (HSI)

(DZGREZS F) (KS!) (KSI)

---- -----------------------------------------------------------------
MCDONNELL RT LONG 89.7 85.7 12.0 23.7 10.9

DOUGLAS, NO 88.4 84.3 12.0 19.7 10.8
86.8 81.1 12.0 26.4 11.4

SUNDSTRAND RT LONG 89.4 83.4 13.1 19.2
89.4 81.2 12.8 20.1
89.9 83.7 13.0 19.3

ARpI-MTL RT LONG 88.6 81.9 12.9 10.8

88.2 81.3 11.7 10.9
87.7 80.4 12.9 10.4

GENERAL RT LONG 88.1 82.5 10.7 17.1 11.0

DYNAMICS 89.2 84.9 11.0 21.3 11.0
89.1 84.6 10.0 17.6 11.2

NASA-LANGLEY RT LONG 88.0 81.2 12.3 11.2
84.9 75.6 9.6 11.3
85.0 77.2 9.6 11.3

NORTHROP RT LONG 89.7 83.6 13.9 11.s
88.1 80.6 13.0 11.1
89.0 81.8 13.6 11.0

AIR FORCE(*) RT LONG 89.4 83.1 7.4 27.0

MCDONNELL RT LONG 84.0 77.9 12.0

DOUGLAS, CA 82.5 76.0 13.0
82.7 77.1 10.0

AVERAGE 87.6 81.3 11.7 21.1 11.1

STANDARD DEVIATION 2.3 2.9 1.6 3.S 0.3

(*): TEST SECTION DIAMETER - 0.16"
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TABLE 12

TENSILE RESULTS AT t/2 LOCATION FOR REYNOLDS
2095-T8 PLATE (0.5- X 24" X 48-)

COMPANY TEST ORIENT- ULTIMATE YIELD ELONG Rh 3
TEMP ATION STRENGTH STRENGTH (%) (%) (HSI)

(DEGREES F) (KSx) (KS!)

NCDONNELL RT L TRANS 87.0 80.8 11.0 23.8 11.1
DOUGLAS, NO 87.0 81.1 11.0 26.8 10.8

86.8 80.8 11.0 28.4 10.9

SUNDSTRAND RT L TRANS 86.3 79.0 12.0 25.1
85.8 78.3 12.7 25.7
86.2 79.2 13.4 27.3

ARNY-MnTL RT L TRANS 84.7 75.4 14.1 10.8
85.6 76.8 13.6 10.2
84.9 75.7 15.0 10.7

GENERAL RT L TRANS 84.0 75.6 11.4 21.9 11.0
DYNAMICS 86.1 79.1 11.0 22.1 10.7

83.8 75.4 11.0 29.7 10.8

NASA-LANGLEY RT L TRANS 84.8 76.4 13.1 11.3
87.2 80.1 9.1 11.1
87.3 80.3 14.5 11.2

NORTHROP RT L TRANS 85.7 75.9 14.7 11.6
87.0 78.5 14.6 11.6
85.2 75.3 15.5 11.1

AIR FORCE(*) RT L TRANS 88.9 82.4 8.8 31.0

MCDONNELL RT L TRANS 81.2 71.7 14.5
DOUGLAS, CA 80.5 71.0 14.5

81.8 73.0 14.0

AVERAGE 85.4 77.4 12.8 23.0 11.0

STANDARD DEVIATION 2.1 3.1 1.9 6.8 0.4

(*): TEST SECTION DIAMETER a 0.16"
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TANLA 13

TENSILE RESULTS AT t/2 LOCATION FOR REYNOLDS
2095-TS PLATS (0.5- Z 24- X 486)

COMPANY TEST ORIENT- ULTINATE YIELD SLO.NG lh 3
TMP ATION STR8NGTH STRENGTH (S) () (USX)

(DEGRZES 1) (KS!) (RSa)

MCDONNELL RT 45 77.0 70.6 14.0 36.6 11.4

DOUGLAS 77.2 70.1 16.0 39.1 10.9
76.3 69.2 17.0 39.3 10.8

AIR FORCE(*) RT 45 75.S 69.0 8.9 41.7 9.9

AVERAGE 76.5 69.7 14.0 39.2 10.8

STANDARD DEVIATION 0.8 0.8 3.6 2.1 0.6

(*): TEST SECTION DIAMETER - 0.16"

TABLE 14

TZNSILZ RESULTS AT t/2 LOCATION FOR REYNOLDS

2095-T8 PLATE (0.S- X :'" X 48-)

COMPANY TEST ORIENT- ULTZMAT• YIELD 3R10NG RA z

TEMP ATION STRENGTH STREGTH () (%) (KS!)

(DEGREZS F) (KSI) (KSI)
------------------------------------------------------------------

AIR FORCE -321(*) LONG 108.0 97.5 22.0 12.0

L TRANS 104.0 93.8 9.6 26.0 11.7

-150 45 95.4 89.9 12.6 25.0 11.0

-100(*) LONG 92.3 86.2 8.8 27.0 11.0
45 78.7 71.5 11.4 21.6 11.5

L TRANS 91.9 85.0 8.0 26.0

-40 45 90.2 83.1 12.3 25.3 10.1

0 45 89.2 82.2 11.1 22.6 10.0

150 45 87.5 82.9 11.4 29.2 11.4
88.7 84.8 11.9 27.7 11.4

200 45 78.9 78.1 16.4 47.3 10.7
79.7 78.6 17.2 47.8 11.5

(*): TEST SECTION DIAMETER - 0.16'
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TAML is

2335 ILX RZflLT8 AT t/2 WocATioK YaB RzyUOLs
209S-TS ILhT3 (0.5w X 24" x 46")

(1000 HR 311061133 I 3S0V)

COMPAN TZT235 ORIENT- ULTIMAT3 YIELD ELOUS RA 3
TEMP ATIOK STRENOTE STRENGTH (%) (%) (Hsi)

(DEREEUS V) (KS!) (U!S)

AIR iORCi iT 4S 70.4 58.3 8.1 22.9 11.2
70.1 58.0 6.2 23.8 11.3

AVERAG 70.3 58.1 8.2 23.3 11.2

STANDARD DEVIATION 0.2 0.2 0.1 0.6 0.1
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TAM.E 16

COKPRESSION RZSULTS AT t/2 LOCATION poR REYNOLDS
2098-TS PLATE (0.5- X 24- X 48S)

COMPANY TSST ORIENTATIOU COMPRESSIVE COMPRESSIVE
TEMPRATURE YIELD STRUNGTH MODULUS
(DEGREES 1) (KSZ) (HSI)

MCDONNELL RT LONG 73.8 11.1
DOOGLAS, NO 75.3 10.9

76.1 11.1

SUNDSTRAND RT LONG 73.1 12.0
73.3 11.8
73.8 11.7

GENERAL RT LONG 77.0 11.3
DYNAMICS 79.0 11.6

80.0 11.4

NASA-LANGLZY RT LONG 62.3 11.4

NORTHROP RT LONG 70.9 12.2
72.2 12.1
76.7 11.9

MCDONNELL RT LONG 68.1 11.0
DOUGLAS, Ch 69.1 11.5

69.6 11.7

AVERAGE 73.1 11.6

STANDARD DEVIATION 4.5 0.4
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TABLE 17

COMPRESSION RZSULTS AT t/2 LOCATION FOR REYNOLDS
2095-T8 PLATE (0.5- X 24- X 48-)

COMPANY TEST ORIENTATION COMPRESSIVE COMPRESSIVE
TEMPERATURE YIELD STRENGTH MODULUS
(DEGREES F) (ESI) (HSI)

---- -----------------------------------------------------------------
MCDONNELL RT L TRANS 79.5 11.8
DOUGLAS, MO 78.5 11.8

79.1 11.6

SUNDSTRAND RT L TRANS 79.4 11.6
79.0 11.5
77.6 12.7

GENERAL RT L TRANS 79.2 11.4
DYNAMICS 80.6 11.6

80.4 12.0

NASA-LANGLZY RT L TRANS 75.1 11.4
77.0 11.5
76.0 11.4

NORTHROP RT L TRANS 79.4 11.9
75.9 12.1
73.5 12.2

MCDONNELL RT L TRANS 72.9 14.0
DOUGLAS, CA 72.3 13.5

73.2 13.8

AVERAGE 77.1 12.1

STANDARD DEVIATION 2.8 0.8
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TABLE I8

COMPRESSION RESULTS AT t/2 LOCATION FOR REYNOLDS
2095-TS PLATE (0.5" X 24" X 48")

COMPANY TEST ORIENTATION COMPRESSIVE COMPRESSIVE
TEMPERATURE YIELD STRENGTH MODULUS
(DEGREES F) (KSI) (MSI)

MCDONNELL RT 45 70.5 11.1
DOUGLAS 70.3 11.0

"72.2 10.9

AVERAGE 71.0 11.0

STANDARD DEVIATION 1.0 0.1

TABLE 19

COMPRESSION RESULTS AT t/2 LOCATION FOR REYNOLDS
2095-TS PLATE (0.5" X 24" X 48")

COMPAlIY TEST ORIENTATION COMPRESSIVE COMPRESSIVE
TEMPERATURE ULT STRENGTH MODULUS
(DEGREES F) (KSI) (MSI)

--- ------------------------------------------------------------------
ARMY-NTL RT LONG 111.2

107.2
110.7

AVERAGE 109.7

STANDARD DEVIATION 2.2

ARMY-MTL RT L TRANS 115.4
119.0
114.7

AVERAGE 116.4

STANDARD DEVIATION 2.3
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TADL 110

PIN SUREM RESULTS Fm REYNOLDS
2095-T0 PLAS (0.5" X 240 4W")

CKI•ANY OR33IENTAUE EE

ARIY-MTL LOW 49 .S
48.8
49.7

XORaTmOP LOWG 45.7
46.6
46.0

AVERAGE 47.7

STANDARD DEVIATION 1.8

TA3IS Ill

arImE 38KM RESULTS P0m REYNOLDS
209S-T8 PLATE (0.S" X 24" X 48")

COMPANY ORIEZTATION SmnM

STRJUWTH

ARMY-UTL L TRANS 49.0
48.S
47.7

AVERAE 48.4

STANDARD DEVIATION 0. 7
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TAML 112

TIOSIORAL So= R ,SULTS ran RZYNOWS
2095-TO iATS (0.-5 X 24m X 46")

COIPANY ORINKTATION S3m"A

SI IDSUTRAND LONG 47.1
46.4
4S.1

AVER1GE 46.2

STANDARD DEVIATION 1.0

SUNDSTRAND L TRANS 4S.4
45.1
46.8

AVERAGE 4S.8

STANDARD DOVIATION 0.9
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TAULU 113

ANSLXR 009=L sumA RESULTS VOm REyyNLS
2095-TS ,IAT" (0.5- X 24- X 48")

COMPANY ORIEZTATIOM sEuA
STRlmNQTE

NASA-LANGLEY L-S 44.4
46.3
47.7

AVERAGE 46.1
STANDARD DEVIATION 1.7

NASA-LANGLEY T-S 47.S
45.6
45.0

AVERAGE 46.0
STANDARD DEVIATION 1.3
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TABLS 114

BEARING RESULTS VOR REYNOLDS
2095-T8 PLATE (O.5- X 24- X 48-)

COMPANY ORIENTATION O/D BEARING BEARING
ULT. STR. YIELD STR.

(KSx) (KSx)

MCDONNELL LONG 1.5 128.0 106.0
DOUGLAS, NO 119.0 100.0

122.0 103.0

NASA-LANGLEY LONG 1.5 123.1 99.2
119.4 98.4
120.6 100.3

MCDONNELL LONG 1.5 120.2 102.1
DOUGLAS, CA 121.1 101.9

121.1 101.5

AVERAGE 121.6 101.4

STANDARD DEVIATION 2.7 2.3

TABLE 115

BEARING RESULTS FOR REYNOLDS
2095-TS PLATE (0.5" X 24" X 48")

COMPANY ORIENTATION e/D BEARING BEARING
ULT. STR. YIELD STR.

(KSI) (KSI)

MCDONNELL 45 1.5 128.0 106.0
DOUGLAS, MO 131.0 110.0

135.0 111.0

AVERAGE 131.3 109.0

STANDARD DEVIATION 3.5 2.6
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TABLE 116

BEARING RESULTS FOR REYNOLDS
2095-T'S PLATE (0.5- X 24- X 48-)

COMPANY ORIENTATION o/D BEARING BEARING
ULT. STR. YIELD STE.

(1sx) (KSx)
----- --------------------------------------------------------------
MCDONNELL L TRANS 1.S 125.0 106.0
DOUGLAS, NO 129.0 105.0

131.0 107.0

NASA-LANGLEY L TRANS 1.5 122.2 98.4
124.2 101.6
124.7 99.4

MCDONNELL L TRANS 1.5 121.7 100.4
DOUGLAS, CA 121.7 98.3

120.5 97.3

AVERAGE 124.4 101.5

STANDARD DEVIATION 3.5 3.6
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TABLE 117

BEARING RESULTS FOR REYNOLDS
2095-TO PLATE (O.5- X 24- X 48")

COMPANY ORIENTATION e/D BEARING BEARING
ULT. STR. YIELD 8TR.

(KSI) (KSI)

MCDONNELL LONG 2.0 164.0 128.0
DOUGLAS, NO 159.0 131.0

158.0 130.0

NASA-LANGLEY LONG 2.0 114.5
148.0 111.0
146.7 112.3

NORTHROP LONG 2.0 156.4 116.5
154.3 114.3
153.6 113.7

MCDONNELL LONG 2.0 157.5 119.6
DOUGLAS, CA 156.5 124.1

157.4 120.2

AVERAGE 155.6 119.6

STANDARD DEVIATION 4.9 7.1

TABLE 118

BEARING RESULTS FOR REYNOLDS
2095-TB PLATE (0.5" X 24" X 48")

COMPANY ORIENTATION e/D BEARING BEARING
ULT. STR. YIELD STR.

(KSI) (KSI)

MCDONNELL 45 2.0 172.0 141.0
DOUGLAS, MO 166.0 136.0

169.0 138.0

AVERAGE 169.0 138.3

STANDARD DEVIATION 3.0 2.5
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TABLE 119

BEARING RESULTS FOR REICOLDS
209S-TS PLATE (O.S" X 24- X 48-)

COMPANY ORIENTATION */D BEARING BEARING
ULT. ST. YIZLD 8Ts.

(1s8) (Ks8)

MCDONNELL L TRANS 2.0 163.0 132.0
DOUGLAS, No 160.0 137.0

166.0 137.0

NASA-LANGLBY L TRANS 2.0 116.4
154.5 116.6
154.5 116.1

NORTHROP L TRANS 2.0 158.7 121.1
160.4 120.6
160.2 128.5

MCDONNELL L TRANS 2.0 155.4 122.1
DOUGLAS, CA 158.9 124.6

156.8 122.9

AVERAGE 158.9 124.6

STANDARD DEVIATION 3.6 7.5
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TABLI 120

UACTUII TOUSUU3SS iOULTS FM R1WNOLDWS
2095-TS PLATE (0.5- X 24- X 48-)

COMPANY OPIZNTATIOM RiC Kq CommDmN
(151 LnO.5) (BII Ln'0.5)

NODOEIrLLZ L-T 26.3 (1)
DOUGLAS 22.8 (2)

SUNDSTRAND L-T 30.2
30.0

ARJY-NT!• L-T 26.8
37.3 (2),(3)
33.3 (2)
36.4 (2),(3)
33.7 (2)

GElNrjAL L-T 33.5 (2)
DYNAMICS 30.7 (2)

30.1 (2)

NASA-LANGLZY L-T 27 .0
25.3 (2)

NORTHROP L-T 37.7 (3)
40.4 (3)
43.3 (3)

AVERAGE 28.S 33.1

STANDARD DZEZATION 1.8 6.0

(1): INVALID DUN TO SURFACE CRACK LNNGTH NA.SUREINTS
NZCZNDED 100 OF AVERAGE CRACx LENGTH

(2): INVALID DOU TO Pwsz/Pq > 1.10

(3): INVALID DOU TO a 0 3 > 2.S(Xq/YS)**2
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TAWL 121

FRACTURE TOUGHNESS RESULTS VIOR REYNOLDS
2095-T8 PLATE (0.50 X 24w 1 46')

COMPANY ORIENTATION Ric cq COMOENT
(XSI LnA0.5) (XII JnJ0.5)

XCDOMNNLL T-L 25.8 (1)
DOUGLAS 29.6

SUNDSTRAND T-L 29 .1
29.0

ARNY-NTL T-L 40.2 (2),(3)
35.6 (P,
35.0 (2),(3)
35.9 (2),(3)
36.9 (2),(3)

35.S (3)

GENERAL T-L 31.4
DYNAMICS 29.4 (2)

29.2 (2)

NASA-LANGLEY T-L 24.4

NORTHROP T-L 38.7 (3)
38.3 (3)
37.9 (3)

AVERAGE 28.7 34.9

STANDARD DEVIATION 2.6 4.4

(1): INVALID DUE TO SURFACE CRACK LENGTH MEASUREMENTS

EXCEEDED 10% OF AVERAGE CRACK LENGTH

(2): INVALID DUE TO Pmax/Pq > 1.10

(3)s INVALID DUE TO a & S > 2.5(qj/YS)**2
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TAUS 122

V&CTURR TOUSUDIBS" RIULTS FO IR INOLDS
2095-T8 HLATS (0.5' X 24" X 486)

COMPANY ORZ!NTATION KIC Kq COMNT
(KBS izAO.S) (Ro in'0.5)

0CDNNLL 45 25.4 (1)
DOUGLAS 23.6

(1): INVALID DUE TO SURFACE CRACK LENGTH NMZASUZEUNTS
BXCEEDD 10% OF AVERAGE CRACK LENGTH
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TABLE 123

Hardness & Conductivity Results for 2095-T8
0.5 Inch Plate. Genaenl Dynamics, CA

Alloy/Product Form -Hardness Conductivity

(RB Scale) (% JACS)
Weldalite 2095-T8 22 (a)

0.50 Inch Plate See Figure 17 (b)
(a) as received minl surface I

(b) machined surface

90

89 u

8837 - .n/ . -.- ._

(b)86

84

83

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
Dseo sar1u 0,0

Figure I1. Hardness profile through 2095-T8
0.5 Inch Plate. General Dynamics, CA.
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4000
";"•" P!roiectile dia. (inj

3500- 7.62 mm AP 0.243

12.7 mm AP 0.428

3000 12.7 mm FSP 0.495

20.0 mm FSP 0.784

~2500-

2000..

1500- A ..

I. FSP AP

1000- E3 8090 (Ex) U

0 Weldalite (P) 0

500. (2519(P) [141 *

a 5083 (P) [14] A

0i
0- ' * 1 I *' 1 * "1 * 1 I * I *

0 10 20 30 40 50 60 70 80

Armor Demand (Ib/ft 2 /in)

Both 8090 extrusions (Ex) and Weldalite plates (P) provided enhanced ballistic
performance over 2519 and 5083 Al alloys. The V5 ballistic limits against AP and FSP
projectiles at 00 obliquity are plotted versus Armor demand. The Armor
demand is defined as the (density x thickness) I projectile diameter. The ballistic da•t
for different caliber projectiles superimpose on single curves for either AP or FSP
projectiles when plotted against armor demand. This technique allows designers to
evaluate ballistic performance as a function of projectile type rather than for Individual
munitions. The AP and FSP projectile diameters are included as Inserts in the plot.
Ballistic data for 2519 and 5083 are included as the high and low ends of aluminum alloys
currently being considered for structural armor applications The lower set of 8090
and Weldalite data points for both AP and FSP projectiles represent 0.5 inch ballistic
targets. The second series of data points for each projectile type represent stacked
plates to provide 1.0 inch thickness. The ballistic limits of both AL-U alloys arm
attributed to the witness plate being perforated by spalliag rather than by the projectile
exiting the target.

Figure 12. Ballistic limit (V50) verses Armor Demand at 00 obliquity against

Armor Piercing (AP) and Fragment Simulating Projectiles (FSP). Army.
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Figure 13. Fatigue Results for 2095-T8 0.5 Inch Plate (R--1,Kt-1.OandKt..3.0)
and 2095-T6 (R =-1 and Kt =3)
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TABLE 124

FATIGUE RESULTS WITH R--1.0 AND Kt-1.0 FOR
REYNOLDS 2095-T8 PLATE (0.S- X 24- X 48-)

COMPANY ORIENTATION STRESS CYCLES
(KS!)

SUNDSTRAND LONG 65.0 7,500
50.0 34,950
40.0 73,820
3S.0 338,910
30.0 1,240,950
29.0 8,461,080
28.0 3,489,830
26.0 10,000,000 *

(*): RUN OUT

TABLE 125

FATIGUE RESULTS WITH R--1.0 AND Kt-3.0 FOR
REYNOLDS 2095-TB PLATE (0.5- X 24- X 48-)

COMPANY ORIENTATION STRESS CYCLES
(KS!)

------------------------------------------------- aaaaaaa-----

SUNDSTRAND LONG 25.0 16,300
20.0 29,460
17.5 102,S80
15.0 133,920
12.0 253,810
11.0 11,796,000 *
10.0 11,913,000 *
9.0 10,000,000 *

(*): RUN OUT
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TABLE 126

FATIGUE RESULTS WITH R--1.0 AND Kt-3.0 IOR
REYNOLDS 2095-TS PLATE (0.5- X 24- X 48-)

COMPANEY ORIENTATION STRE3S CYCLES

SUNDSTRAND L TRANS 30.0 3,620
25.0 19,690
20.0 90,000
17.0 254,530
15.0 1,024,210
14.0 943,790
12.0 2,110,280
10.5 1,715,500
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Figure I4. Fatigue Results for 2095-T8 0.5 Inch Plate (R-O.landKt-1.0)

294



TABLE 127

FATIGUE RESULTS WITH RmO.1 AND Kt-1.0 FOR
REYNOLDS 2095-T8 PLATE (0.5- X 24- X 48u)

COMPANY ORIENTATION STRESS CYCLES
(KSI)

ARNY-NTL LONG 60.0 54,220
60.0 67,580
55.0 191,520
50.0 1,205,760
46.0 290,042
46.0 10,026,880 *

43.0 754,000
40.0 10,010,000 *

NORTHROP LONG 70.0 39,420
60.0 70,550
55.0 87,944
50.0 247,950
45.0 623,760
40.0 511,870
40.0 3,000,000 '

40.0 2,135,840

MCDONNELL LONG 55.0 106,010
DOUGLAS, CA 55.0 120,950

50.0 149,620
50.0 122,970
45.0 398,910
45.0 398,300
40.0 1,000,000 *
40.0 1,000,000 *

MCDONNELL L TRANS 60.0 34,170
DOUGLAS, CA 55.0 53,870

55.0 69,800
50.0 101,060
50.0 80,470
48.0 153,080
48.0 229,570
45.0 1,000,000 *
45.0 1,000,000 *

(*): RUN-OUT
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Figure 15. Fatigue Results for 209-TS 0.5 Inh Plate (R a 0. 1 and Kt = 3)
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TABLE 128

FATIGUE RESULTS WITH R-0.1 AND Kt-3.0 FOR
R•YNOLDS 2095-T8 PLATE (0.50 X 24m X 48m)

COMPANY ORIENTATION STRESS CYCLES
(KS!)

---- ---------------------------------------------------------------
GENZRAL DYNAMICS LONG 25.0 38,200

15.0 120,600
12.5 155,500
12.0 281,900
11.5 417,100
11.3 10,240,300 *
11.0 10,000,000 *
10.0 32,313,000 *

NORTHROP LONG 40.0 27,530
35.0 84,820
30.0 220,840
25.0 20,830
25.0 605,470
25.0 1,535,480
22.5 3,000,000 *

20.0 3,000,000 *

MCDONNELL LONG 25.0 28,540
DOUGLAS, CA 25.0 25,320

20.0 78,410
20.0 69,950
15.0 1,000,000 *
15.0 1,000,000 *
10.0 1,000,000 *
10.0 1,000,000 *

MCDONNELL L TRANS 40.0 6,331
DOUGLAS, CA 25.0 28,860

25.0 32,940
20.0 60,520
20.0 91,030
15.0 348,180
15.0 271,490
10.0 1,000,000 *
10.0 1,000,000 *

(*)z RUN-OUT
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10 -3.

Spec linen;: W45-1
Te mp : 70°F
Ortentation: LT-LT 0

10 -4 Spec imen Type: CT

0
01 0  00 G

o 0

10 -6.8 
0
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Z
"\10".

-oi

10-8

R= 0.1
Freq.= 20 hz.

10 -.9
2 3 4 S 6 7 8 9

10

DELTA K (kh s i- n .5)

Figure 16. Fatigue Crack Growth Rate Data for 2095-T8 0.5 Inch Plate

(LT-LT orientation, Specimen W45-1). Air Force.
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Spec Lmen - W45-2
Temp: 70°F
Or Len to t•.on : LT-LT

10 -4 Spec Lmen Type: CT
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Figure 17. Fatigue Crack Growth Rate Data for 2095-T8 0.5 Inch Plate
(LT-LT orientation, Specimen W45-2). Air Force.
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10-3 FATIGUE CRACK GROWTH RATES

*0

10-4,

10
U

Z do/dN"CAK n
C- 9.535E- 10

10- n- - .618

SPEC R or K KGPAD 7EMP
0 f2GL1A 0.10 -4.00 80.0
o MOlB 0.10 2.50 80.0
o F2GU 0.10 2.50 78.0

10 -7 0 F2GT1A 0.10 -4.00 77.00 F2GT1B 0.10 2.50 77.0
* F2GT2 0.10 2.50 77.0

10_8 &K (ks~i-n)
! I I I t t- I I I I I I ,,

1 10 100

Figure 18. Fatguc Crack Growth Rate Dat for 2095-T8 0.5 Inch Thick Plate

(L-T and T-L orientations). Northrop.
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10-3 FATIGUE CRACK GROWTH RATES

x

x

10- 0

10

z da/dN.CAKn
"10 C- 9.078E-10

0-6 n- 3.586
100

SPEC R or K KGRAD TEMP
0 F2GL1A 0.10 -4.00 80.0
x F2GL1B 0.10 2.50 50.0

10 -7

a0 AK (ks i rAin)

1 10 100

FIgr 19. Fat&gue Crack Growth Rate Dam for 2095-T8 0.5 Inch Mic Plate

(L-T orientation, KGRAD -4.00 and 2.50). Northrop.
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10- 3  FATIGUE CRACK GROWTH RATES

10-
4

0

10-510- "

Z 
dd/dN-mC6fn

"VD C- 1.977E-09

10- n - 3.397

SPEC Ror K KGRAD TEMP

0 f2GU 0.10 2.50 78.0

10-7

108 AK (ks~ini)

10-8 1 1 ,,1 _I I I A- L-L, ,

1 10 100

Figure 110. Fatigue Crack Growth Rate Data for 2095-TS 0.5 Inch Thick Plate
(L-T orientation, KGRAD 2.50). Nofth .
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10-3 FATIGUE CRACK GROWTH RATES

x

//10-4

10.

Z do/dNmChhK"
SC- 1.297E-09

10- 0 n- 3.512

SPEC R or K KMA TEMP
0 F2GT1A 0.10 -4.00 77.0
x F2GT1 0.10 2.50 77.0

10 -7

-A .K (ksii•)

d0 1 1 L I Ig -

1 10 100

Figure III. Fatigue Crack Growth Rate Data for 2095-T8 0.5 Inch Thick Plate

(T-L orientation, KGRAD - 4.00 and 2.50). Naodurop.
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10-3 FATIGUE CRACK GROWTH RATES

0
0
0

io-o
10-1,

10

z do/dN.CA'Kn

1V 0 C- 2.813E-10
a 0

SPEC R or K M TEMP
-I 0 F2G=2 0.10 2.50 77.0

10-

1-8 AK (svm

1 10 100

Figure [12. Fatigue Crack Growth Rate Data for 2095-78 0.5 Inch Thick Plate
(T-L orientation, KGRAD 2.50). Northrop.
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APPENDIX J

2091-T3 AND 2091-T8
0.063 INCH SHEET

INTRODUCTION

The Alcoa aluminum-lithium alloy 2091-T3 0.063 inch sheets were received October
1988. The 2091-T3 0.063 inch sheet was tested as received by the Air Force and Martin
Marietta. However, Northrop and McDonnell Aircraft Company heat treated the alloy to a T8
condition.

TESTING

Mechanical properties, (tension, compression, bearing, shear, and fracture toughness)
fatigue and constant amplitude fatigue crack growth tests were tested according to ASTM
standards, unless otherwise specified.

Spectrum tests were performed by the Air Force using FALSTAFF (a severe fatigue
environment) and Mini-TWIST (a moderatley intense fatigue environment) spectrums.
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TABLE ,1

TENS ILE RESULTS FOR ALCOA

2091-T3 SHUBZT (0.063- X 48- X 48-)

COMPANY TEST ORIENT- ULTXIMAT YIELD 3LONG RA 3
TMP ATION STRIN? STRENGTH (t) (%) (MSa)

(DERMES F) (KS!) (u!)

MARTIN RT LOUG 62.5 48.1 19.0 23.0 10.8
MARIETTA, 61.1 47.0 19.5 23.0 10.6
LOUISIANA 61.7 47.5 21.0 23.0 10.1

AIR FORCE RT LONG 60.8 47.6 22.4 24.8
60.7 47.6 25.1 23.1
60.4 47.5 22.9 23.1

AVERAGE 61.2 47.6 21.7 23.3 10.5

STANDARD DEVIATION 0.8 0.4 1.0 0.3 0.4

TABLE 32

TENSILE RESULTS FOR ALCOA

2091-T3 SHEET (0.063- X 48- X 48")

COMPANY TEST ORIENT- ULTIMATE YIELD BLONG Rh 3
TEMP ATION STRENGTH STRENGTH (t) (%) (KS!)

(DEGREES F) (KS!) (KS!)

AIR FORCE RT 45 60.6 40.4 23.4 27.3
60.6 40.4 22.9 25.3
60.8 41.1 21.8 26.4

AVERAGE 60.7 40.6 22.7 26.3

STANDARD DEVIATION 0.1 0.4 0.8 1.0
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TABLE J3

TENSILE RESULTS FOR ALCOA

2091-T3 SHET (0.063- X 48- X 48-)

COMPANY TEST ORIENT- ULTIMATE YIELD 31.0G RA 3
Tsmp ATIO STRENGTH STRENGTH (%) (%) (HSI)

(DEGREES F) (RSi) (KS!)

AIR FORCE RT 60 62.4 41.9 23.6 24.5
60.5 39.7 20.4 25.1
60.5 22.1 26.2

AVERAGE 61.1 40.8 22.0 25.3

STANDARD DEVIATION 1.1 1.6 1.6 0.9

TABLE J4

TENSILE RESULTS FOR ALCOA

2091-T3 SHEET (0.063- X 48- X 48-)

COMPANY TEST ORIENT- ULTIMATE YIELD ELONG RA 3
TUG? ATION STRENGTH STRENGTH (M) (%) (HSI)

(DEGREES F) (KS!) (KSI)

MARTIN RT L TRANS 65.0 43.2 11.0 19.0 10.4
MARIETTA, 65.8 44.5 19.0 19.0 10.9
LOUISIANA 65.5 42.7 17.0 19.0 8.9

AIR FORCE RT L TRANS 63.9 42.7 17.1 20.7
63.5 42.1 17.9 21.4
64.2 43.7 19.0 21.2

AVERAGE 64.7 43.2 16.8 20.1 10.1

STANDARD DEVIATION 0.9 0.9 3.0 1.2 1.0
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R-CURVE FOR 2091-13, .063 inch SHEET
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Figure J1. R-Curve Results for 2091-T3 0.063 inch Sheet
(L-T Orientation).
Martin Marietta.

R-CURVE FOR 2091-T3, .063 Inch SHEET
(tunsve)
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Figure J2. R-Curve Results for 2091-T3 0.063 inch Sheet

(T-L Orientation).
Martin Marietta.
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R-CURVE FOR 2091, .063 Inch Sheet(bna~tld)
(effective crack lKnh adjstd for pastc zone)
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Figure J3. R-Curve Results for 2091-T3 0.063 Inch Sheet,
with Effective Crack Length Adjusted for
Plastic Zone (L-T Orientation).
Martin Marietta.
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R-CURVE FOR 2091-T3, .063 Inch SHEET(trasvere)
( effecve crack length adused for plastic zone)
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Figure J4. R-Curve Results for 2091-T3 0.063 Inch Sheet,
with Effective Crack Length Adjusted for
Plastic Zone. (T-L Orientation).
Martin Marietta.
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TABLE J5

R-Curve Data Associated with Figures J3 and J3

DATA FOR SPECIMEN NO. 1

2091--T3 LONGITUDINAL SHEET

Loa4 ks I-l CM*i Hc Cmupwl* Fm
Length Crak Length TUhb= kW

(a). kich (a + 1ho), Not Adjusted Adjusted

0 3.835 3.835 0.0 0.0
3.0 3.835 3.838 7.4 6.9
6.1 3.835 3.851 15.0 15.1

10.1 3.835 3.879 24,9 25.1
13.8 3.870 3.955 34.2 34.6
17.4 3.890 4.027 43.3 44.1
20.8 3.895 4.095 51.8 53.2
23.1 3.900 4.150 57.5 59.5
26.7 3.900 4.241 66.5 69.6
30.9 3.925 4.416 77.3 83.5
34.9 3.950 4.613 87.7 97.0
37.7 3.995 4.813 95.5 107.7
38.3 4.015 4.873 97.3 110.3
40.4 4.080 5.118 103.7 121.3
42.5 4.180 5.437 110.9 133.5
43.4 4.255 5.667 114.6 141.5
"44.3 4.330 5.902 118.4 149.3
"44.3 4.375 5.985 118.4 151.1
"44.7 4.490 6.293 122.4 159.9
"44.6 4.515 6.362 122.4 161.8
"44.8 4.525 6.384 122.4 162.3
45.2 4.600 6.661 125,9 170.9
"44.9 4.710 6.908 127.2 176.5
"44.7 4.765 7.013 127.2 178.5
"44.3 4.810 7.034 127.2 177.5
44.3 4.830 7.120 127.2 180.2
43.8 4.900 7.186 127.2 180.0
43.6 4.960 7.320 128.3 182.9
42.1 5.140 7.376 127.3 178.0
41.8 5.190 7.473 127.3 179.9
41.7 5.240 7.646 127.3 184.7
41.4 5.325 128.7
40.9 5.385 128.7
39.2 5.650 128.7
35.6 6.040 123.2

Thickness = .063 Inches
Yield Strength a 47.5 ksi
Spedmen Width m 23.88 Inches
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TABLE J6

R-Curve Data Associated with Figures J1 and J3

DATA FOR SPECIMEN NO. 2

2091o-"3 LONGITUDINAL SHEET

Load, kips Haf Crack Hal Corresponding Fracture
Length Crack Length hness. ksi -Anch

(a), Inch (a + rho), Not Adjusted Adjusted
I Inch for

0 3.835 3.835 0.0 0.*0

5.7 3.835 3.847 14.1 13.2
10.2 3.875 3.921 2F.3 25.5
15.2 3.875 3.978 37.8 38.3
20.1 3.875 4.060 49.9 51.2
25.2 3.885 4.185 62.7 65.2
30.1 3.920 4.382 75.3 80.9
35.1 3.955 4.630 88.3 97.8
38.7 4.020 4.921 98.4 113.0
41.0 4.085 5.172 105.4 124.1
43.3 4.160 5.501 112.7 137.9
"44.9 4.245 5.825 118.4 149.7
45.5 4.305 6.042 121.1 156.9
46.0 4.355 6.225 123.4 162.8
46.5 4.495 6.723 127.5 177.7
46.5 4.560 6.951 128.8 184.1
46.5 4.635 7.376 130.3 197.1
46.0 4.730 130.3
45.3 4.885 131.9
44.9 4.940 131.9
44.2 5.045 131.9
43.4 5.175 131.9
42.3 5.325 131.9
42.5 5.350 131.9
41.6 5.470 131.9
40.4 5.610 131.9
39.3 5.800 131.9

Thickness , .063 inches
Yield Strength - 47.5 ksi
Specimen Width = 23.87 Inches
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TABLE 37

R-Curve Data Associated with Figures J2 and 34

DATA FOR SPECIMEN NO. 3

2091-T3 TRANSVERSE SHEET

LoW4 kip H Crack Hd e Fr
Leo Cla•c Longh ,,- - *",h
(a). nch (a +* dL Not A• ed ALed

0 3.875 3.875 0.0 0.0
5.1 3.875 3.s87 12.7 11.8

10.3 3.875 3.931 25.6 25.6
15.0 3.880 4.001 37.3 37.9
20.2 3.880 4.105 50.2 51.8
24.6 3.680 4.230 61.6 64.5
30.1 3.925 4.494 75.4 62.3
31.9 4.000 4.673 60.9 89.5
34.0 4.055 4.861 87.0 97.9
35.8 4.070 5.015 91.8 106.0
37.7 4.105 5.214 97.2 114.8
38.1 4.135 5.293 98.7 117.4
38.6 4.145 5.354 100.2 119.9
39.0 4.175 5.439 101.7 122.6
39.8 4.260 5.804 105.2 130.1
39.9 4.290 5.748 105.2 131.7
40.0 4.360 5.883 107.4 134.6
40.4 4.500 6.226 110.9 143.2
40.4 4.555 6.338 110.9 145.6
40.4 4.640 6.519 113.3 149.5
40.2 4.710 6.660 113.3 152.3
40.2 4.790 6.856 115.4 156.7
40.1 4.830 6.934 115.4 158.2
39.8 4.910 7.099 115.4 161.3
39.8 4.975 7.318 117.5 167.4
39.2 5.140 118.6
38.5 5.315 118.6
37.7 5.485 120.1
37.5 5.625 122.0
36.5 5.810 122.0

ThIcss - .063 Inches
YelW Strength - 43.5 ksl
Spedmen WIdth - 23.7 ncMes
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TABLE J8

R-CURVE DATA ASSOCIATED WITH FIGURES J2 AND J4

DATA FOR SPECIMEN NO. 4

2091 -T3 TRANSVERSE SHEET

Load, kips Hall Crack Hi po n Fractr
Length Crack Lengthm -kal 4kvh

(a). inch (a, +to), Not Adjusted Adjusted
inch for Plastictv

0.0 3.845 3.845 0.0 0.0
5.1 3.645 3.857 12.6 11.8

10.4 3.845 3.901 25.7 25.9
15.3 3.880 4.006 38.0 38.7
20.0 3.895 4.116 49.8 51.3
25.1 3.895 4.256 62.5 65.5
30.1 3.915 4.481 75.2 82.1
33.7 3.985 4.751 85.2 95.5
36.2 4.105 5.092 93.3 108.4
37.4 4.145 5.246 97.0 114.4
38.1 4.245 5.459 100.4 120.1
38.8 4.350 5.717 104.0 127.5
39.2 4.430 5.900 106.4 132.2
39.4 4.565 6.170 109.2 138.1
39.4 4.625 6.282 110.2 140.4
39.4 4.755 6.571 112.4 146.9
39.4 4.815 6.701 113.5 149.8
39.3 4.900 6.905 114.6 154.4
39.1 5.030 7.226 116.3 161.6
38.3 5.260 7.896 117.9 177.0
38.3 5.320 119.0
38.3 5.350 119.0
38.2 5.400 120.1
37.7 5.495 120.1
37.6 5.605 121.9
36.9 5.735 121.9
35.8 5.990 122.9
31.9 6.185 112.8
31.9 6.575 119.7

Thickness , .063 Inches
Yield Strength - 43.5 ksl
Specimen Width - 23.88 Inches
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TAIBL J9

TENSLE RESULTS FOR ALCOA

2091-T8 3SHEE (0.063- x 48- X 48-)

COMPANY TEST ORIEZT- ULTIMATE YIZLD ZLONG RA a
TATION STREMNTH STRENT (0) (0) (Nor)

(DEGRIES F) (UR) (U!i)

MCAIR RT LONG 62.5 50.0 22.0 5.5
62.5 49.4 21.0 5.4
61.5 49.2 20.0 5.9

NORTHROP 3? LONG 65.2 53.2 21.9 11.2
64.9 S2.9 19.0 11.2
64.9 53.1 21.9 11.2
64.7 52.9 21.9 11.3

AVERAGE 63.7 51.5 21.1 8.8

STANDARD DZVIATION 1.5 1.9 0.6 3.0

TABZL 310

TENSILE RESULTS FOR ALCOA

2091-TS SHEET (0.063- X 48- X 48-)

COMPANY TEST ORIZNT- ULTIMATE YIELD ELONG RA 2
TEN ATION STRENTH STREWNTH (t) (%) (HSI)

(DEGRnES ) (KSi) (KS!)
--- ------------------------------------------------------------------

NCAIR RT 45 DEG 62.0 38.0 24.0 6.0
62.0 38.5 25.0 5.9
62.5 38.0 22.0 6.7

NORTHROP 3? 45 DZG 64.3 43.9 16.9 11.0
63.4 43.8 14.1 11.0
64.1 43.9 17.2 11.2
63.8 43.1 16.7 11.0

AVERAGZ 63.2 41.3 19.4 9.0

STANDARD DEVIATION 1.0 3.0 4.2 2.6
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TABRL Jil

TINILB RESULTS FOR ALCOR

2091-TB SHIRT (0.063- X 48- X 48-)

COMPANY TEST ORIEiNT- ULTIMATE Y¥ILD ILOMG RA I
To"P ATIOP STREWGTH STREWIZH (t) M% (max)

(DEGREES V) (Kai) (UK)

NCAIR RT L TRANS 64.5 40.9 18.0 S.6
65.0 43.6 16.0 5.9
66.0 42.3 21.0 S.5

NORTHROP RT L TRANS 67.9 47.7 20.8 11.3
68.2 47.4 18.2 11.3
67.5 47.7 16.9 11.2
68.3 47.2 18.7 11.1

AVERAGE 65.2 42.3 18.3 5.7

STANDARD DEVIATION 0.8 1.4 2.5 0.2
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TABLE J12

COMPRESSION RESULTS FOR ALCOA

2091-T8 SHRUT (0.063- X 48- X 48-)

COMPANY TEST ORIENTATION COMPRESSIVIE COMPRESSIVE
TEMPERATURE YIELD STRENGTH MODULUS
(DZGREES F) (KS!) (RaI)

XCAIR RT LONG 12 .S
11.5

NORTHROP RT LONG 41.7 11.S
42.2 11.2
41.7 12.1

AVERAGE 41.9 11.8

STANDARD DEVIATION 0.3 0.5

TABLE J13

COMPRESSION RESULTS FOR ALCOA

2091-T8 SHEET (0.063- X 48- X 48-)

COMPANY TEST ORIENTATION COMPRESSIVE COMPRESSIVE
TEMPERATURE YIELD STRENGTH MODULUS
(DEGREES F) (KSI) (ESI)

MCAIR RT 45 DEG 12.1
12.2
11.7

AVERAGE 12.0

STANDARD DEVIATION 0.3
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TABLE J14

COMPRESSION RESULTS FOR ALCOA

2091-TB SHIRT (0.063- X 48- X 48-)

COMPANY TEST ORIENTATION COMPRESSIVE COMPRESS VI
TEIRAUR •YIELD STRENGTH MODULUS
(DEGREES F) (KSX) (KS!)

---- -----------------------------------------------------------------
MCAIR RT L TRANS 12.6

12.6
12.5

NORTHROP RT L TRANS 48.4 12.1
48.8 11.9
48.9 12.0

AVIRAGE 48.7 12.3

STANDARD DEVIATION 0.3 0.3

325



TABLE Jis

SLOTTED SHEAR RESULTS FOR ALCOR

2091-TS SEHIT (0.063" X 48" X 48")

COMPANY ORIENTATION SHMAR
STRENGTH

1CAIR LONG 44.8
46.8

NORTHROP LONG 43 .9
43.8
43.7

AVERAGE 44.6

STANDARD DEVIATION 1.3

TABLE J16

SLOTTED SHEAR RESULTS FOR ALCOA

2091-T8 SHEET (0.063" X 48" X 48")

COMPANY ORIENTATION SHEAR
STRENGTH

(181)

NORTHROP L TRANS 44.7
45.0
44.6

AVERAGE 44.8

STANDARD DEVIATION 0.2
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TANLA J17

BEARING RESULTS FOR AL^"A

2091-T8 SHUET (0.063- X 48- X 48")

COMPANY ORIENTATION e/D BEARING BEARING
ULT. 8Th. YIZELD ST.

(KSU) (UxI)

NCAIR LONG 1.5 96.1
98.9 83.5
99.2 83.9

NORTHROP LONG 1.5 101.6 71.1
100.7 69.7
101.7 72.2

AVERAGE 99.7 76.1

STANDARD DEVIATION 2.1 7.0

TABLE J18

BEARING RESULTS FOR ALCOA

2091-TS SHEET (0.063" X 48" X 48")

COMPANY ORIENTATION e/D BEARING BEARING
ULT. STR. YIE.LD STR.

(18x) (,sx)

zCAIR L TRANS 1.5 98.2 85.7
97.4 84.0
97.5 85.1

NORTHROP L TRANS 1.5 104.4 76.9
103.7 73.9
104.0 75.4

AVERAGE 100.9 80.2

STANDARD DEVIATION 3.5 5.3
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TABLE J19

BEARING RESULTS FOR ALCOR

2091-T8 SHEET (0.063- X 48- X 48-)

COMPANY ORIENTATION BEDARING BEARING
ULT. STR. YIELD STR.

(CR5) (Crs)
-- -------------- ------------------------------ ---------------------
NCAIR LONG 2.0 128.6 107.0

130.3 108.4
127.1 107.0

NORTHROP LONG 2.0 127.3 72.8
129.9 76.0

130.2 74.7

AVERAGE 128.9 91.0

STANDARD DEVIATION 1.5 18.1

TABLE J20

BEARING RESULTS FOR ALCOA

2091-18 SHEET (0.063- X 48- X 48-)

COMPANY ORIENTATION O/D BEARING BEARING

ULT. STR. YIELD STJ.
(1SX) (KSX)

---- -----------------------------------------------------------------
MCAIR L TRANS 2.0 131.2 110.7

130.6 109.5
128.3 107.0

NORTHROP L TRANS 2.0 130.4 85.2
129.7 85.0
129.0 88.2

AVERAGE 129.9 97.6

STANDARD DEVIATION 1.1 12.7
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TABLE J21

R-CURVE FRACTURE TOUGHNESS
RESULTS FOR 2091-TBX SHEET

(o.063- X 48- X 48-)
Northrop

Specimen Orientation Kc
ID

VIRLI L-T 130.0
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TABLE J22

R-CURVE FRACTURE TOUGHNESS RESULTS

For 2091 -T8 Sheet (0.063 x 48" x 4n"

MCDONNELL AIRCRAFT CO

SPECIMEN IDENTIFICATION: LTI
MATERIAL DESCRIPTION: 2091 AL-LI SEET
SPECIMEN TYPE: C(T) (COMPACT SPECIMEN)
SPECIMEN ORIENTATION: L-T
YIELD STRENGTH: 49.5 KS3
SPECIMEN THICKNESS: 0.063 IN
SPECIMEN WIDTH: 3.999 IN

SPECIMEN IS INVALID PER ASTM ES61-86. PARA. 7.5

APPLIED PHYSICAL Kr EFFECTIVE Kr
LOAD CRACK (UNCORRECTED) CRACK (CORRECTED)LENGTH LENGTH(lbs) (Ln) (pal Ein) (in) (psi fin)

800 1.48S 42.884 1.629 47,141
975 1.500 52.765 1.753 62,495

1.02b 1.S07 SS.716 1.810 68,34L9
1.100 1.$16 60,171 1.935 60,342
1.150 1.523 63.194
1.17S 1.529 64.829 "t
1,200 1.534 66.420 *t
1.225 1.545 68,270 "' at,
1.250 1.555 70.121 "t ttt
1.27S FAILURE ---

", Indicates that the e*uation for Kr (Corrected) dld not
converge to a solution.
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TABLE J23

R-CURVE FRACTURE TOUGHNESS RESULTS

For 2091 -T8 Sheot (0.063" x 48" x 48")

MCDONNELL AIRCRAFT CO

SPECIMEN IDENTIFICATION: LTZ
MATERIAL DESCRIPTION: 2091 AL-LI SHEET
SPECIMEN TYPEs C(T) (COMPACT SPECIMEN)
SPECIMEN ORIENTATION: L-T
YIELD STRENGTH: 49.5 KSI
SPECIMEN THICKNESS: 0.064 IN
SPECIMEN WIDTH: 4.002 IN

SPECIMEN IS INVALID PER ASTM ZS61-86. PARA. 7.S
,I JI

APPLIED PHYSICAL Kr EFFECTIVE Kr
LOAD CRACK (UNCORRECTED) CRACK (CORRECTED)

LENGTH LENGTH
(tbs) (in) (psi fIn) (in) (psi rin)

975 1.501 51.927 1.743 60,983
1.000 1.515 53.727 1.783 64,343
1.050 1.523 S6.711 1.847 70,665
1.110 1.526 60,073 1.943 80.115
1.160 1.530 62.951
1,190 1.534 64.769
1,220 1.540 66,640
1.235 1.543 67,574
1,270 1.549 69,765 it,

1,285 1.570 71.568
1,305 1.576 72.983
1.315 1.585 73.969
1.325 1.592 74,876
1.33S 1.S98 75,731
1.340 1.60S 76,397
1,34S FAILURE ---

"I Indicates that the equation for Kr (Corrected) did not
converge to a solution.
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TA1LE J24

R-CURVE FRACTURE TOUGHNESS RESULTS

For 2091-T8 Shot (0.063" x 48r x 48")

MCDONNELL AIRCRAFT CO

SPECIMEN IDENTIFICATION: TLI
MATERIAL DESCRIPTION: 2091 AL-LI SHEET
SPECIMEN TYPE: C(T) (COMPACT SPECIMEN)
SPECIMEN ORIENTATION: T-L
YIELD STRENGTH: 42.3 KSI
SPECIMEN THICKNESS: 0.064 Is
SPECIMEN WIDTH: 3.998 IN

SPECIMEN IS INVALID PER ASTN E561-86. PARA. 7.5

APPLIED PHYSICAL Kr EFFECTIVE Kr
LOAD CRACK (UNCORRECTED) CRACK (CORRECTED)

LENGTH LENGTH
(lbs) (in) (psi lin) (in) (psi nin)

800 1.495 42.504 1.708 46.955
825 1.499 43.946 1.734 51,378

1,025 1.503 54,749
1,050 1.509 56.296
1.085 1.513 58.335 *0*

1.095 1.518 59,045
1.135 1.524 61.462
1.165 1.535 63,532
1.175 1.544 64.468 0*t

1,190 1.544 65,291
1.215 1.549 66,881
1.230 1.557 68.045
1,240 1.562 68,819
1,250 1.583 70,357
1.270 1.587 71,638
1.280 1.594 72,565
1,290 1.612 73,989
1.295 1.616 74.493
1.305 FAILURE .....

*t* Indicates that tae equation for Kr (Corrected) did not
converge to a solution.
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TABLE iJ2

R-CURVE FRACTURE TOUGHNESS RESULTS

For 2091-TB Shot (0.063" x W" x 48w)

MCDONNELL AIRCRAFT CO

SPECIMEN IDENTIFICATION: TLZ
MATERIAL DESCRIPTION: 2091 AL-LI SHEET
SPECIMEN TYPE: C(T) (COMPACT SPECIMEN)
SPECIMEN ORIENTATION: T-L
YIELD STRENGTH: 42.3 1S1
SPECIMEN THICKNESS: 0.061 IN
SPECIMEN WIDTH: 3.999 IN

SPECIMEN IS INVALID PER ASTM E561-86. PARA. 7.5

APPLIED PHYSICAL Kr EFFECTIVE Kr
LOAD CRACK (UNCORRECTED) CRACK (CORRECTED)

LENGTH LENGTH
(ibs) (in) (psi 11n) (in) (psi -in)

950 1.507 53,350 2.062 79.002
97S 1.511 54.882

1.075 1.517 60.775
1.120 1.522 63,517
1,130 L.526 64.248
1,180 1.531 67,305
1.240 1.541 71.181
1,255 1.544 72.179
1.265 1.550 73.059
1,280 1.569 74.867
1.285 1.576 75.466
1.295 FAILURE ...---

*" Indicates that the equation for Kr (Corrected) did not
converge to a solution.
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APPENDIX K

2091-T3 AND 2091-T8
0.144 INCH SHEET

INTRODUCTON

The Alcoa aluminum-lithium alloy 2091-T3 0.144 inch sheets were received March 1988.
The 2091-T3 0.144 inch sheets were tested as received by the Air Force, Martin Marietta and
McDonnell Douglas Astronautics. However, General Dynamics aged their material at 16 and 32
hours at 335*F and Northrop heat treated their material to a T8X temper.

TESTING

Mechanical properties, (tension, compression, bearing, shear, and fracture toughness)
fatigue and constant amplitude fatigue crack growth tests were tested according to ASTM
standards, unless otherwise specified.

Spectrum tests were performed by the Air Force using FALSTAFF (a severe fatigue
environment) and Mini-TWIST (a moderately intense fatigue environment) spectrums.
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TABLE Ki

TENSILE RESULTS FOR ALCOA

2091-T3 SHUNT (0.144- X 48" X 48")

COMPANY TEST ORIENT- ULTIMATE YIELD ELONG RHA
TEMP ATION STRENGTH STRENGTH (t) (%) (MaI)

(DEGREES F) (KSI) (KS!)

MCDONNZLL RT LONG S9.4 49.0 20.0 11.4
DOUGLAS 60.1 49.2 20.0 11.6
ASTRO., CA 59.9 49.5 20.0 11.5

59.9 49.6 20.0 11.5
58.9 49.5 22.0 11.5

MARTIN
MARIETTA, LA RT LONG 60.6 50.0 17.0 12.7 11.4

59.9 49.6 17.0 15.5 11.1
59.9 49.6 17.0 19.7 11.4

AIR FORCE RT LONG 61.4 51.1 14.3 14.7
61.4 50.9 17.9 20.5
61.4 51.3 17.2 19.7

AVERAGE 60.3 49.9 18.4 17.1 11.4

STANDARD DEVIATION 0.8 0.8 2.2 3.2 0.1

TABLE K2

TENSILE RESULTS FOR ALCOA

2091-T3 SHEET (0.144" X 48" X 48")

COMPANY TEST ORIENT- ULTIMATE YIELD ELONG RA U
TEMP ATION STRENGTH STRENGTH (M) (M) (MSI)

(DEGREES F) (KSi) (KSI)

AIR FORCE RT 30 62.4 45.0 20.0 25.6
62.1 44.0 19.1 25.4
62.2 43.2 18.9 25.5

AVERAGE 62.2 44.1 19.3 25.5

STANDARD DEVIATION 0.2 0.9 0.6 0.1
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TABLE K3

TENSILE RESULTS FOR ALCOA

2091-T3 SEET (0.144- X 48- X 48-)

COMPANY TEST ORIENT- ULTIMATE YIELD ELONG RA 3
TEMP ATION STRENGTH STRENGTH t}) (M) (MSI)

(DEGREES r) (Ks1) (IzI)
---- ----------------------------------------------------------------
AIR FORCE RT 45 61.4 42.0 23.3 28.3

61.6 42.7 24.4 28.2
61.5 42.7 23.9 29.3

AVERAGE 61.5 42.5 23.9 28.6

STANDARD DEVIATION 0.1 0.4 0.6 0.6

TABLE K4

TENSILE RESULTS FOR ALCOA

2091-T3 SHEET (0.144" X 48" X 48-)

COMPANY TEST ORIENT- ULTIMATE YIELD ELONG RA z
TZMP ATION STRENGTH STRENGTH (M) (M) (MSI)

(DEGRZES r) (KS1) (KS)

AIR FORCE RT 60 61.2 40.9 24.0 29.0
61.0 43.3 21.5 27.8
60.3 41.5 22.8 31.1

AVERAGE 60.8 41.9 22.8 29.3

STANDARD DEVIATION 0.5 1.2 1.3 1.7
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TABIE KS

TUNSILE RESULTS FOR ALCOA

2091-T3 SHUN? (0.144- X 48- X 48-)

COMPANY TEST ORIENT- ULTIMATE YIELD 3LOIG RA z
TEMP ATION STRUNG?! STRENGTH (%) (%) (M!)

(DEGREUS F) (Kai) (151)
----- ---------------------------------------------------------------
NCDONNULL RT L TRANS 64.3 12.0
DOUGLAS 65.3 46.6 14.0 11.6
ASTRO., CA 65.2 46.6 14.0 11.6

64.3 46-4 12.5 11.5
64.6 46.7 12.5 11.6

MARTIN RT L TRANS 64.7 46.2 12.0 12.7 11.1
MARIETTA, LA 65.1 45.8 13.0 11.3 1i.4

64.7 45.6 13.0 11.3 11.3

AIR FORCE RT L TRANS 66.0 47.3 16.4 16.2
66.4 47.4 17.5 17.3
66.0 47.5 15.7 18.8

AVERAGE 65.1 46.6 14.1 14.6 11.5

STANDARD DEVIATION 0.7 0.6 •.9 3.3 0.3

TABLE K6

TENSILE RESULTS FOR ALCOA

2091-T3 SHEET (0.144- X 48- X 48-)

COMPANY TEST ORIENT- ULTIMATE YIZLD ELONG RA E
TEMP ATION STRENGTH STRENGTH (M.) (• (MSI)

(DEGREES F) (KSI) (KSI)
----- ---------------------------------------------------------------

MCDONNELL -320 F LONG 75.3 57.6 16.0 12.4
DOUGLAS 76.2 58.1 16.5 12.5
ASTRO., CA 75.1 57.4 17.0 12.5

75.0 58.0 17.0 12.5

AVERAGE 75.4 57.8 16.6 12.5

STANDARD DEVIATION 0.5 0.3 0.5 0.1
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TABLE K7

TENSILE RESULTS FOR ALCOA

2091-T3 SHEET (0.144- X 48- X 48-)

COMPANY TEST ORIENT- ULTIMATE YIELD ELOIIG RA 3
TERW ATION STRENGTH STRENGTH M% % (HS81)

(DEGREES F) (KsI) (KSi)

MCDONNELL -320 F L TRANS 81.6 53.9 16.5 12.7
DOUGLAS 82.2 54.2 14.5 12.7
ASTRO., CA 81.5 55.1 14.5 12.7

80.6 55.1 13.0 12.5

AVERAGE 81.5 54.6 14.6 12.7

STANDARD DEVIATION 0.7 0.6 1.4 0.1

342



TABLE KS

COMPRESSION RESULTS FOR ALCOA

2091-T3 SHEET (0.144- X 48- X 48-)

COMPANY TEST ORIENTATION COMPRESSIVE COMPRESSIVE
T MPRATURE YIELD STRENGTH MODULUS
(DEGREES F) (KS!) (KS!)

MCDONNELL AT LONG 41.1. 11.5
DOUGLAS 11.S
ASTRO., CA 40.7 11.4

AVERAGE 40.9 11.5

STANDARD DEVIATION 0.3 0.1

TABLE K9

COMPRESSION RESULTS FOR ALCOA

2091-T3 SHEET |O.144- X 4P X 48-)

COMPANY TEST ORIENTATION COMPRESSIVE COMPRESSIVE
TEMPERATURE YIELD STRENGTH MODULUS
(DEGREES F) (KS!) (Ks!)

MCDONNELL RT L TRANS 49.0 11.3
DOUGLAS 48.6 11.5
ASTRO., CA 49.8 11.5

AVERAGE 49.1 11.4

STANDARD DEVIATION 0.6 0.1
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TABLE R10

COMPRESSION RESULTS FOR ALCOA

2091-T3 SHEET (0.144- X 48- X 48-)

COMPANY TEST ORIENTATION COMPRESSIVE COMPRESSIVE
TEMPEATURE YIELD STRENGTH MOULUS
(DEGREZS F) (CR5) (UI)

MCDONNELL -320 F LONG 46.8 12.7
DOUGLAS 12. 5
ASTRO., CA 46.4 12.4

AVERAGE 46.6 12.5

STANDARD DEVIATION 0.3 0.2

TABLE Jll

COMPRESSION RESULTS FOR ALCOA

2091-T3 SHEET (0.144- X 48- X 48-)

COMPANY TEST ORIENTATION COMPRESSIVE COMPRESSIVE
TZMPZERTURE YIELD STRENGTH MODULUS
(DEGRENS F) (KS!) (KS!)

----- ---------------------------------------------------------------
MCDONNELL -320 F L TRANS 56.8 12.8
DOUGLAS 55.1 12.8
ASTRO., CA 58.8 12.5

AVERAGE 56.9 12.7

STANDARD DEVIATION 1.9 0.2
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TABLE X12

BEARING RESULTS FOR ALCOA

2091-T3 SHEET (0.144- X 48- X 48-)

COMPANY ORIENTATION o/D BEARING BEARING
ULT. 8TR. YIELD STR.

(181) (RaI)

KCDONNELL LONG 1.5 95.6
DOUGLAS 95.9 75.3
ASTRO. * CA 95.3 75.8

95.2 74.3
95.1 72.9

AVERAGE 95.4 74.6

STANDARD DEVIATION 0.3 1.3

TABLE 113

BEARING RESULTS FOR ALCOA

2091-T3 SHEET (0.144- X 48- X 486)

COMPANY ORIENTATION S/D BEARING BEARING
ULT. STR. YIELD STR.

(KSX) (KS1)
----- ---------------------------------------------------------------
MCDONNELL L TRANS 1.5 98.1 75.3
DOUGLAS 98.2 74.2
ASTRO., CA 98.5 78.6

96.5 74.6
98.1

AVERAGE 97.9 75.7

STANDARD DEVIATION 0.8 2.0
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TABLE 114

BEARING RESULTS FOR ALCOR

2091-T3 SHEET (0.144" X 48" X 48")

COMPANY ORIENTATION o/D BEARING BEARING
ULT. STR. YI•LD STR.

(,s8) (Kai)
---- ----------------------------------------------------------------
MCDONNELL LONG 2.0 119.0 86.2
DOUGLAS 119.0
ASTRO., CA 120.0 86.6

120.0
120.0 8S.3

AVERAGE 119.6 86.0

STANDARD DEVIATION 0.S 0.7

TABLE K1S

BEARING RESULTS FOR ALCOA

2091-T3 SHEET (0.144" X 48" X 48")

COMPANY ORIENTATION olD BEARING BEARING
ULT. STR. YIELD 8TR.

(181) (1s8)
---- ----------------------------------------------------------------
MCDONNELL L TRANS 2.0 122.0 89.2
DOUGLAS 122.0 90.7
ASTRO., CA 122.0

123.0 88.7
121.0 87.9

AVERAGE 122.0 89.1

STANDARD DEVIATION 0.7 1.2
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Figure KI. R-Curve Results for 2091 -T3
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TABLE K16

R-CURVE DATA ASSOCIATED WITH

FIGURES Ki AND K3 (SPECIMEN 3)

Half Corresponding Fracture
Half Crack Crack Length, Ttm hn . ksa •/ncI

Load, kips Length (c + rho) Not adjusted Adjusted for
(c) Inch inch Plasticity

10 3.895 3.902 11 11
18 3.960 3.985 20 20
24 3.960 4.004 26 26
26 3.975 4.029 29 29
28 3.990 4.053 31 31
29 3.990 4.059 32 33
32 4.000 4.083 36 36
36 4.020 4.126 40 41
40 4.020 4.154 45 46
44 4.020 4.183 49 50
48 4.020 4.213 53 55
52 4.020 4.251 58 60
57 4.020 4.295 63 65
61 4.020 4.340 68 70
64 4.045 4.402 71 74
65 4.060 4.451 73 78
67 4.085 4.497 75 80
69 4.085 4.525 77 83
71 4.105 4.581 80 86
71 4.115 4.601 80 87
74 4.140 4.668 84 91
74 4.140 4.677 84 91
76 4.165 4.732 86 94
76 4.225 4.812 88 95
76 4.225 4.823 88 96
78 4.255 4.886 90 99
80 4.290 4.967 93 103
81 4.325 5.027 94 104
82 4.500 5.284 99 110
82 4.655 5.495 102 114
83 4.750 5.649 104 118
82 4.900 5.837 105 121
82 5.045 6.042 108 124
81 5.345 6.447 112 131

Thickness - .144 inch
Yield m 49.7 ksi
Specimen Width - 23.83 inch
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TABLE K17

R-CURVE DATA ASSOCIATED WITH

FIGURES K1 AND K3 (SPECIMEN 4)

Half Corresponding Fractur
Half Crack Crck Length, Tuhu . L

Load, kips Length (c + rho) Not adjust A4•uftd for
(c) Inch Inch Plasticity

10 3.895 3.902 11 11
19 3.895 3.924 21 21
28 3.895 3.956 31 31
36 3.930 4.032 39 40
44 4.000 4.163 49 50
52 4.000 4.231 58 60
60 4.010 4.319 67 69
65 4.040 4.416 73 76
69 4.080 4.523 77 83
74 4.110 4.641 84 91
78 4.200 4.823 90 98
79 4.260 4.921 92 101
80 4.350 5.058 95 105
82 4.480 5.262 99 110
84 4.575 5.440 102 116
84 4.615 5.492 102 117
84 4.735 5.663 105 120
84 4.800 5.754 106 122
84 4.890 5.883 107 124
84 4.945 5.956 107 125
84 5.025 6.072 109 128
84 5.135 6.223 111 130
82 5.320 6.435 111 132
81 5.490 6.661 114 135
79 5.730 6.962 115 138
74.5 6.265 7.660 117 144
74.5 6.440 7.932 118 152

Thickness - .144 Inch
Yield = 49.7 ksi
Specimen Width = 23.81 Inch
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TABLE K18

R-CURVE DATA ASSOCIATED WITH

FIGURES K2 AND K4 (SPECIMEN 1)

Half Corresponding Fracture
Half Crack Crack Length, Touhnss kA 4inch

Load, kips Length (c + rho) Not adjusted Adjusted for
(c) inch inch Plasticity

10 2.895 2.905 12 12
13 2.895 2.915 16 16
19 2.950 2.995 24 25
28 2.960 3.061 36 36
37 2.980 3.158 47 49
46 2.995 3.279 58 61
50 2.995 3.354 64 69
54 3.000 3.422 69 75
56 3.005 3.461 71 78
59 3.020 3.547 75 83
65 3.045 3.728 83 95
69 3.085 3.920 89 105
71 3.100 4.032 92 111
72 3.100 4.077 94 114
75 3.150 4.282 98 122
76 3.250 4.598 102 133
77 3.250 4.608 102 134
78 3.345 4.943 106 145
79 3.355 5.104 108 152
79 3.420 5.500 110 166
79 3.525 112
77 3.655 113
75 3.865 113
71 4.100 113

Thickness - .144 inch
Yield - 45.9 kSI
Specimen Width - 18.03 inch
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TABLE K19

R-CURVE DATA ASSOCIATED WITH

FIGURES K2 AND K4 (SPECIMEN 2)

Heff Corresponding Fracture

Half Crack Crack Length, Tau0hnaai ksi linch
Load, kips Length (c + rho) Not adjusted Adjusted for

(c) Inch inch Plasticity

82.880 2.886 10 9
1 2.880 2.918 22 22
26 2.950 3.036 33 34
36 2.950 3.122 45 46
44 2.975 3.231 56 58
49 2.990 3.331 63 67
56 3.020 3.477 71 78
58 3.025 3.530 74 82
63 3.050 3.687 81 92
67 3.075 3.837 86 100
68 3.080 3.901 88 104
70 3.115 4.025 92 110
73 3.150 4.214 96 119
75 3.240 4.499 101 129
76 3.260 4.627 103 134
78 3.275 4.766 105 140
78 3.365 5.054 107 149
79 3.425 110
79 3.425 110
78 3.540 112
78 3.605 112
76 3.735 112
75 3.865 115
73 3.940 113
74 3.955 114
73 4.000 114

Thickness - .144 Inch
Yield - 45.9 ksi
Specimen Width - 18.01 inch
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TABLE K2S

FATIGUE RESULTS WITH R-0.1 AND Ktml.0 FOR

ALCOA 2091-T3 SHIN? (0.144- X 48- X 48-)

COMPA"Y ORIENTATION STRESS CYCLES
(KS!)

MCDONNELL DOUGLAS LONG S0.2 65,600 +
ASTRO., CA 45.2 209,000 +

42.0 67,000
40.0 353,000 +
38.1 670,000 +
35.9 84,400 *
35.7 4S,700 #
33.1 120,000 0
30.9 340,000
29.1 1,000,000 *

(*): INDICATES A RUN-OUT TEST
(I): INDICATES FAILURE AT PIN HOLE
(0): INDICATES FAILURE AT RADIUS
(+): INDICATES SPECIMENS WERE RECONFIGURED AND

HAD SURFACE COATING REMOVED

TABLE K26

FATIGUE RESULTS WITH R-0.1 AND Kt-1.0 FOR

ALCOA 2091-T3 SHEET (0.144- X 48- X 48-)

COMPANY ORIENTATION STRESS CYCLES
(KSi)

MCDONNELL DOUGLAS L TRANS 49.9 42,300 +
ASTRO., CA 45.0 87,700 1+

45.0 39,900
39.8 293,000 +
35.0 1,000,000 *+
34.9 385,000 1
33.0 203,000 1
33.0 621,000 1
30.9 1,530,000 *1

(*): INDICATES A RUN-OUT TEST
(I): INDICATES FAILURE AT PIN HOLE
(1) s INDICATES THE SPECIMENS WERE ONLY RECONFIGURED
(+): INDICATES SPECIMENS WERE RECONFIGURED AND

HAD SURFACE COATING REMOVED
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TABLE K27

FATIGUE RESULTS WITH R-O.1 AND Kt-3.0 FOR

ALCOA 2091-T3 SHEET 10.144- X 48u X 48")

COMPANY ORIENTATION STRESS CYCLES
(Ksx)

MCDONNELL DOUGLAS LONG 24.9 16,100
ASTRO., CA 21.9 32,200

19.9 109,000
18.0 112,000
18.0 71,250
15.0 294,000
14.9 1,000,000 *
14.0 1,000,000 *
13.0 1,000,000 *

(*): INDICATES A RUN-OUT TEST

TABLE 128

FATIGUE RESULTS WITH R-0.1 AND Kt-3.0 FOR

ALCOA 2091-T3 SHEET (0.144" X 48" X 48")

COMPANY ORIENTATION STRESS CYCLES
(Ks8)

MCDONNELL DOUGLAS L TRANS 29.9 10,800
ASTRO., CA 28.1 11,200

26.8 23,700
25.1 34,900
22.1 58,700
19.9 87,400
18.0 135,000
16.0 247,000
14.9 1,000,000
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TABLE 129

TENSXLE RESULTS FOR ALCOR

2091-T3 SHNET (0.144- X 48" X 48")

AGED 16 HOURS AT 335 V

COMPANY TEST ORIENT- ULTIMATE YIELD 1LONG RhA
TOMW ATION STRENGTH STREMTH (t) (%) (KSI)

(DEGREES F) (Ec8S) (KS!)

GENERAL RT LONG 67.3 56.1 14.2
DYNAMICS, 67.1 56.3 14.3
TEXAS

AVERAGE 67.2 56.2 14.3

STANDARD DEVIATION 0.1 0.1 0.1

TABLE K30

TENSILE RESULTS FOR ALCOA

2091-T3 SHEET (0.144" X 48" X 48")

AGED 16 HOURS AT 335 F

COMPANY TEST ORIENT- ULTIMATE YIELD ELONOG RA
TEMP ATION STRENGTH STRENGTH (%) (%) (HI81)

(DEGREES F) (15) (XII)

GENERAL RT 45 65.3 46.7 19.2
DYNAMICS, 65.6 47.4 19.8
TEXAS

AVERAGE 65.S 47.1 19.S

STANDARD DEVIATION 0.2 0.5 0.4
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TAMLA 131

TENSILE RESULTS FOR ALCOR

2091-T3 SHEET (0.144- X 48- X 48")

AGED 16 HOURS AT 335 7

COMPANY TEST ORIENT- ULTIMATE YIELD BLONG RA
TEMP ATION STRUMET STRENUM (t) (0) (K8x)

(DEGREES F) (Rai) (KS!)
- ------------- ------------------------- ~ -------

GENERAL RT L TRANS 70.7 51.3 12.8
DYNAMICS, 70.9 52.8 11.1
TEXAS

AVERAGE 70.8 52.1 12.0

STANDARD DEVIATION 0.1 1.1 1.2

TABLE K32

TENSILE RESULTS FOR ALCOA

2091-T3 SHEET (0.144- X 48' X 48')

AGED 32 HOURS AT 335 1

COMPANY TEST ORIENT- ULTIMATE YIELD ELONG RA 3

TEMP ATION STRENGTH STRENGTH (t) (t) (MKi)
(DEGREES F) (181) (181)

----------------------------------------------------------------
GENERAL RT LONG 69.6 58.8
DYNAMICS, 69.9 59.4 15.3
TEXAS

AVERAGE 69.8 59.1 15.3

STANDARD DEVIATION 0.2 0.4
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TABLE K33

TENSILE RESULTS FOR ALCOA

2091-T3 SE=T (0.144- X 48- X 48")

AGED 32 HOURS AT 335 V

COMPANY TEST ORIENT- ULTIMATE YIELD ELOW RA a
TEM ATION STRENGTH STRENGTH (t) (%) (max)

(DEGREES F) (KaI) (Kai)

GENERAL RT 45 68.8 51.9 17.9
DYNAMICS, 68.1 S1.1 18.5
TEXAS

AVERAGE 68.5 51.5 18.2

STANDARD DEVIATION 0.5 0.6 0.4

TABLE K34

TENSILE RESULTS FOR ALCOA

2091-T3 SHEET (0.144" X 48" X 48")

AGED 32 HOURS AT 335 F

COMPANY TEST ORIENT- ULTIMATE YIELD ELONG RA 3
TEMP ATION STRENGTH STRENGTH (M) (M) (HSI)

(DEGREES F) (KB8) (KSI)

GENERAL RT L TRANS 73.9 57.0 15.6
DYNAMICS, 74.5 54.5 14.3
TEXAS

AVERAGE 74.2 55.8 1S.0

STANDARD DEVIATION 0.4 1.8 0.9

377



TAME, IK35

KAHN TEAR TEST RESULTS FOR ALCOA

2091-T3 SHUET (0.144- X 48" X 486)

AGED 16 HOURS AT 335 7

COMPANY ORIENTATION TZAR
STRENGTH

--------------------------- --------------------------- ----
GENERLn DYNAMICS, L-T 81.4
TEXAS 78.8

AVERAGE 80.1

STANDARD DEVIATION 1.9

TABLE K36

KAHN TEAR TEST RESULTS FOR ALCOA

2091-T3 SHEET (0.144- X 48- X 48")

AGED 16 HOURS AT 335 •

COMPANY ORIENTATION TEAR
STRENGTH

(Ks!)
---- ----------------------------------------------------------------

GENERAL DYNAMICS, 45-45 74.6
TEXAS

AVZRAGE 74 .6

STANDARD DEVIATION
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TADLE £37

KAWN TEAR TEST RESULTS FOR ALCOA

2091-T3 SKEST (0.144" X 48- X 4S-)

AGED 16 HOURS AT 335 7

COMPANY ORIENTATION TZAR
STRENGTH

GENERAL DYNAMICS, T-L 78.2
Tam~u 77.3

AVERAGE 77.7

STANDARD DEVIATION 0.6

TABLE X38

RAM TEAR TEST RESULTS FOR ALCOA

2091-T3 SHEET (0.144- X 48" X 48")

AGED 32 HOURS AT 335 F

COMPANY ORIENTATION TEAR
STRENGTH

GEnERAL DYNAMICS, L-T 76.4
TZXAS 74.6

AVERAGE 75.5

STANDARD DEVIATION 1.3
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TAWLE K39

KAHN TEAR TEST RESULTS FOR ALCOR

2091-T3 SHUXT (0.144- X 48- X 46-)

AGID 32 HOURS AT 335 F

COMPANY ORIENTATION TSAR
STRoNGT

--- ---------------------------------------- --------------- KI

GENERAL DYNAMICS, 45-4S 73.7
TEXAS 74.1

AV•RAGE 73.9

STANDARD DEVIATION 0.2

TABIL1 K40

KAH TZAR TEST RESULTS FOR ALCOA

2091-T3 SHUNT (0.144- X 48- X 48')

AGED 32 HOURS AT 335 F

COMPANY ORIZNTATION TSAR
STRENGTH

(KS!)
---- ----------------------------------------------------------------
GENERAL DYNAMICS, T-L 74.7
TEXAS

AVERAGE 74.7

STANDARD DEVIATION
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TASLE 41

TEAR-YIZLD STRENGTH RATIOS FOR ALCOA

2091-T3 SHEET (0.144- X 48- X 48-)

AGED 16 HOURS AT 335 V

COMPANY TENSILz-TEAR TAR-YIWLD
ORIENTATION STRENGTH RATIO

GENERAL DYNAMICS, L/L-T 1.42
TEXAS

LT/T-L 1.48

45/45-45 1.58

L/T-L 1.38

TABLE 42

TEAR-YIELD STRENGTH RATIOS FOR ALCOA

2091-T3 SHIRT (0.144- X 48- X 48-)

AGED 32 HOURS AT 335 F

COMPANY TENSILE-TEAR TEAR-YIELD
ORIENTATION STRENGTH RATIO

GENERAL DYNAMICS, L/L-T 1.27
TEXAS

LT/T-L 1.34

45/45-45 1.44

L/T-L 1.26
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FIGURE K18. TEAR STRENGTH to YIELD STRENGTH RATIO VS YIELD
STRENGTH DATA for 2091-T3 Aged 16/32 Hours at 3350F.
General Dynamics.
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TABLE K43

TENSILE RESULTS FOR ALCOA

2091-T8X SHEET (0.144- X 48" X 48-)

COMPANY TEST ORIENT- ULTIMATZ YIELD ZLONG RA 3
TEMP ATION STRENGTH STRENGTH (S) (M) (MsI)

(DEGREES F) (15T) (1SI)

NORTHROP RT LONG 63.4 53.5 15.6 10.8
63.2 53.3 16.7 10.2
63.7 53.7 14.7 10.5
63.2 53.6 12.6 10.8

AVERAGE 63.4 53.5 14.9 10.6

STANDARD DEVIATION 0.2 0.2 1.7 0.3

TABLE K44

TENSILE RESULTS FOR ALCOA

2091-T8X SHEET (0.144" X 48" X 48")

COMPANY TEST ORIENT- ULTIMATE YIELD ELONG RA B
TEMP ATION STRENGTH STRENGTH (%) (M) (MSI)

(DEGREES F) (KSI) (KSI)

NORTHROP RT 45 44.3 10.4
63.3 44.1 19.8 10.5
62.4 43.5 17.8 11.8
62.8 44.9 19.2 11.9

AVERAGE 62.8 44.2 18.9 11.2

STANDARD DEVIATION 0.5 0.6 1.0 0.8
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TABLE K45

TENS ILZ RESULTS FOR ALCOR

2091-TBX SHEET (0.144- X 48- X 48-)

COMPANY TEST ORIENT- ULTIMATE YIELD ELONG RA 3
TEMP ATION STRENGTH STRENGTH (S) () (XII)

(DEGREES F) (KSI) (151)

NORTHROP RT L TRANS 67.5 48.7 12.1 10.6
68.2 49.2 12.7 11.2
67.8 48.8 13.1 11.3

AVERAGE 67.8 48.9 12.6 11.0

STANDARD DEVIATION 0.4 0.3 0.5 0.4
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TABLE K46

COMPRESSION RESULTS FOR ALCOA

2091-T8X SHUBT (0.144- X 48" X 48")

COMPANY TEST ORIENTATION COMPRESSIVE COMPRESSIVE
TEMPERATURE YIELD STRENGTH MODULUS
(DEGREES F) (KS!) (KSI)

NORTHROP RT LONG 42.7 12.0
42.5 11.5
42.9 11.7

AVERAGE 42.7 11.7

STANDARD DEVIATION 0.3 0.2

TABLE K47

COMPRESSION RESULTS FOR ALCOA

2091-TSX SHEET (0.144" X 48" X 48")

COMPANY TEST ORIENTATION COMPRESSIVE COMPRESSIVE
TEMPERATURE YIELD STRENGTH MODULUS
(DEGREES F) (KSI) (KSI)

----- ---------------------------------------------------------------
NORTHROP RT L TRANS 51.5 11.5

51.4 11.3
51.3 11.3

AVERAGE 51.4 11.4

STANDARD DEVIATION 0.1 0.1
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TABLE K48

SLOTTED SHEAR RS8ULTS FOR ALCOA

2091-T8X SHEET (0.144- X 48" X 48-)

COMPANY ORIENTATION SHEAR
STRENGTH

(KS!)

NORTHROP LONG 40.6
40.5
40.5

AVERAGE 40.5

STANDARD DEVIATION 0.1

TABLE K49

SLOTTED SHEAR RESULTS FOR ALCOR

2091-TSX SHEET (0.144- X 48- X 48-)

COMPANY ORIENTATION SHEAR
STRENGTH

(KS!)

NORTHROP L TRANS 43.0
43.0
43.2

AVERAGE 43.1

STANDARD DEVIATION 0.1
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TABLE K50

BEARING RESULTS FOR ALCOA

2091-T8X SHEET (0.144" X 48" X 48")

COMPANY ORIENTATION o/D BEARING BEARING
UILT. STR. YIlEL STR.

(ESX) (Ri)

NORTHROP LONG 1.s 96.8 76.3
92.9 73.6

AVERAGE 94.9 75.0

STANDARD DEVIATION 2.8 1.9

TABLE KS1

BEARING RRSULTS FOR ALCOA

2091-T8X SHEET (0.063- X 48- X 48-)

COMPANY ORIENTATION O/D BEARING BEARING
ULT. STR. YIELD STR.

(1sx) (1sx)

NORTHROP L TRANS 1.5 100.8 76.1
99.3 75.1
97.0 74.0

AVERAGE 99.0 75.1

STANDARD DEVIATION 1.9 1.1
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TABLE V152

BEARING RESULTS FOR ALCOA

2091-T8X SHEET (0.144- X 48- X 48-)

COMPANY ORIENTATION olD SEARING BEARImN
ULT. 8Th. YIELD STh.

(Kai) (KSn)

NORTHROP LOG 2.0 120.7 89.8
122.4 89.1
123.9 91.8

AVERAGE 122.3 90.2

STANDARD DEVIATION 1.6 1.4

TABLE 1(53

BEARING RESULTS FOR ALCOR

2091-T8X SHEET (0.144- X 48- X 48-)

COMPANY ORIENTATION */D BEARING BEARING
uLT. STR. YIELD ST.

(V.sI) (KSI)
-------------------------------------------------------------------
NORTHROP L TRANS 2.0 125.6 91.9

126.9 91.0
126.1 94.6

AVzRAGs 126.2 92.S

STANDARD DEVIATION 0.7 1.9
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TA=L K54

R--CMRV FhCTVUI TOUGHNESS RESULTS FOR

ALCOR 2091-TSX SHEET (0.144- X 48- X 48-)

COMPANY SPECIMEN I.*D * ORIENTATION Xc
(ESI SQET-IN)

NORTHROP T6RL1 L-T 13S.0
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APPENDIX L

2091-1" 0.5 INCH PLATE

INTRODUCTION

The Alcoa aluminum-lithium alloy 2091-T8 0.5 inch plates were received March 1988.
The 2091-T8 0.5 inch plates were tested in the as received condition.

Mechanical properties, (tension, compression, and fracture toughness) were tested
according to ASTM standards, unless otherwise specified.

Over load fatigue crack growth tests were not performed according to ASTM standards,
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TAML" Li

TENSILB RUSULTS FOR ALCOA

2091-TS PLATE (0.5- X 48- X 48-)

COMPANY TEST ORIENT- ULTIMATE TIZELD ELOU RA a
TEMP ATION STRENGTH ST3EN (t) (%) (Iax)

(DEGREES r) (1s!) (III)

MARTIN RT LONG 74.8 62.1 11.0 11.4
MARIETTA, 74.2 61.4 11.0 10.8
LOUISIANA 75.2 62.3 10.0 11.4

AIR FORCE iT LONG 76.2 64.0 8.9 16.2
75.6 63.4 9.4 17.0
75.3 62.8 8.6 15.1

AVERAGE 75.2 62.7 9.8 13.7

STANDARD DEVIATION 0.7 0.9 0.4 1.1

TALE L2

TENSILE RESULTS FOR ALCOA

2091-TS PLATE (0.5- X 48- X 48-)

COMPANY TEST ORIENT- ULTIMATE YIZLD ELOUG RA a
TMP ATION STRUNGTH STRNGTH (%) () (HSI)

(DEGREuS F) (KSI) (281)
---- -- - ----------------------- ---- ------

AIR FORC• RT 30 71.6 52.9 11.6 16.2
71.6 53.2 11.7 18.4

AVERAGE 71.6 53.1 11.7 17.3

STANDARD DEVIATION 0.0 0.2 0.1 1.5
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TABE L3

TENS ILE RESULTS FO ALCOR

2091-TB PLATE (0.5" X 48- X 48")

COMPANY TEST ORIENT- ULTIMATE YIELD BLOIW RA 3
TEMP ATION STRENGTH STRENGTH (%) (%) (Hal)

(DEGREES F) (mx) (181)
---------------------------------------------- -------------------

AIR FORCE RT 45 64.0 46.6 19.4 32.9
63.6 45.9 19.1 35.5
63.6 45.9 19.6 33.6

AVERAGE 63.7 46.1 19.4 34.0

STANDARD DEVIATION 0.2 0.4 0.3 1.3

TABLE L4

TENSILE RESULTS FOR ALCOA

2091-T8 PLATE (0.S" X 48" X 48")

COMPANY TEST ORIENT- ULTIMATE YIELD ELONG Rh •
TEMP ATION STRENGTH STRENGTH (M) (M) (MSI)

(DEGREES F) (181) (181)

MARTIN RT L TRANS 72.9 55.0 14.0 18.8
MARIETTA, 72.2 54.1 14.0 18.8
LOUISIANA 73.5 55.0 14.0 14.2

AIR FORCE RT L TRANS 73.6 55.6 12.1 24.9
73.8 55.7 11.5 24.5
73.8 55.4 13.0 22.7

AVERAGE 73.3 55.1 13.1 20.7

STANDARD DEVIATION 0.6 0.6 1.1 4.1
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TA3LE Ls

COMPRESSION RESULTS FOR AL.COA

2091-TS PLATE (0.5- X 48- X 4S)

COMPANY TEST ORIENTATION COUPRES8SIV3 COKPRESSIVE
TWPRTR YIELD STZNNOT MODULUS
(DGREES F) (KS!) (Ma3l)

MARTIN RT LONG 52.2 11.5
MARIETTA, 51.4 11.6
LOUISIANA, 52.4 11.8

AVERAGE 52.0 11.8

STANDARD DEVIATION 0.5 0.0

TADLE L6

COMPRESSION RESULTS FOR ALCOA

2091-TS PLATE (0.5u X 48- X 48-)

COMPANY TEST ORIENTATION COMPRESSIVE COMPRESSIVEB
TEMPERATURE YIELD STREMGTU MODULUS
(DEGREES F) (KS!) (KS!)

---- ----------------------------------------------------------------
MARTIN RT L TRANS 57.9 11.9
MARIETTA, 58.8 11.9
LOUISIANA

AVERAGE 58.4 11.9

STANDARD DEVIATION 0.6 0.0
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TABLE L7

FRACTURE TOUGHNESS RESULTS FOR ALCOA

2091-T8 PLATE (0.5- X 48- X 48-)

COMPANY ORIENTATION KIC Kq COMMENT
(KS! in-0.5) (KS inAO.S)

MARTIN L - T 33.8 INVALID(1)
MARIETTA, 31.1 INVALID(1)
LOUISIANA 37.4 INVALID(1)

AVERAGE 34.1

STANDARD DEVIATION 3.2

(1): SPECIMEN SIZE TOO SMALL

TABLE L8

FRACTURE TOUGHNESS RESULTS FOR ALCOA

2091-T8 PLATE (0.5- X 48- X 48-)

COMPANY ORIENTATION KIC Kq COMMENT
(KsI Wn0.5) (KSI Wn0.5)

MARTIN T - L 34.0 INVALID(1)
MARIETTA, 37.8 INVALID(1)
LOUISIANA 37.4 INVALID (1;

AVERAGE 36 .4

STANDARD DEVIATION 2.1

(1): SPECIMEN SIZE TOO SMALL
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TABLE L9

POST-OVERLOAD FATIGUE TEST RESULTS for 2091-TB

0.5 INCH PLATE and 2091-T83 0.144 INCH PLATE

Rm0.0 LAB AIR duI�-K-4.0 bi(k� .5 ONE OVULOAD CYCA APPLIED

�4 @0.1.. DElAY CYCLES

%0.L �

PLATE SPECIMEN THICKNESS * 0.260

60 0.356 0.405 0.164 171.7
60 0.463 0.466 0.156 146.7
* Oils 0MB 0.414 63.4
* 0.600 0.396 0.399 66.6

PLATE SPECIMEN THICKNESS * 0.140

* 0.401 0*45 0.067 mug

* 0.447 0.605 0.096 mug

60 0407 0.535 0.136 137.6
60 0.416 0*40 0.076 urufl
* 0.464 0.664 0.057 661.0
60 0.105 0.647 0.1* 136.7
60 0.541 0*00 0.140 72.6
60 0.654 0*03 0.120 59.0
60 0.696 0.574 0.107 71.5

SHEET SPECIMEN THICKNESS * 0.140

60 0.364 0.516 1W 13.2
60 WS 0.511 0.566 31.6
60 0.314 0805 2.435 17.4
60 0.315 0.601 1.361 16.7
60 0346 0.463 1.133 30.3
60 0.366 0.45 2.466 13.6
60 0.400 0.413 2.331
60 0.447 0*46 1.694 14.3
60 0.516 0.373 3.143 11.6
60 0.574 0.344 3W 103
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FIGURE L1. A Comparison of Delay Cycles Due to Fatigue Crack
Growth Retardation for a§0 Percent Overload Cycle at a
Stress Intensity of 6 KSIW In 2091-T"8I Plate Versus
2091 -T83 Sheet. Thickness of the Compact Tension
Specimens Used for Plate and Sheet was 0.144 Inch.
Air Force.
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TABLE L10

POST-OVERLOAD RECOVERY EXTENSION

IN 2091 PLATE AND SHEET

h4Cm-- 0. 111)" .A Om 0w 1 Ovft Apped
1s6 u MAN RiK S Cmk TO Pbmf .Ms-•oo@ M

IdN 00 O. A0.oLomu ift h OPL. Rm@minsy

KATE (MlO K. M10
60 PERCENT OVERLOAD

0.3&M 0.1S4 YG am
0.463 0.109 Ye 0.0"5
0.55= 0.414 Yes 01o.60o o.366 Ye. 0.015

PLATE (.144 Wn icl)
80 PERCENT OVERLOAD

0.401 0.987 Ye sre
0.447 o.06 NO

PLATE (.14 IWQ
s0 PERCENT OVERLOAD

0.407 0.135 NO 0.015
0.415 0.0=6 NO and
0.484 0.07 NO 0.014
0.52 0.146 NO 0.016
0.541 0.140 NO 0015
O.64 0.120 NO 0.0M
0.696 0.107 Yes 0.016

SHEET (.144 i. U
60 PERMIT OVERLOAD

0.246 1t Yen 0.016
0276 0.666 Yes 0.015
0.314 2.4W5 Ye. 0.042
0.315 1AS1 Ye 0.0"0
0.34M 1.133 NO 0.0O
O.366 2.495 Yes O.
0.400 3.331 YM 0.015
0.447 1624 Y" 0.016
0.516 1143 NO 0.1
0.574 36.27 Y" 0.6

401



102

LI
-__I 60 PERCENT OVERLOAD
U 2091-T83 SHEET- L330L60B

C-.-

oU 10

0

0
_0

10 - 1 11 *u .r g1 V-1 1 u u0.05;IuJIulrIIIa

-0.05 -0.03 -0.01 0.01 0.03 0.05

crack extension after overload (in)

FIGURE L4. Crack Velocity Post-Overload Crack Extension
for Alloy 2091-T83 Sheet.
Air Force.
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FIGURE 1-5. Crack Velocity Versus Post-Overload Crack Extension
for Alloy 2091-T81 Plate 0.144 Inch Thick Specimen.
Air Force.
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FIGURE L6. Crack Velocity Versus Post-Overload Crack Extension
for Alloy 2091-T81 Plate 0.250 Inch Thick Specimen.
Air Force.
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8090-I'8 Hat Extrusion and 8090-T8771 L-Extrusion

INTRODUCTION

The Alcoa 8090-18 hat extrusions and 8090-T'8 L-extrusions were received September
1991. The dimensions of the 8090-T8 hat and L-Extrusions are shown in Figure MI and Figure
M2 respectively. The L-extrusion had to be cut to achieve the T8 condition, therefore making a
thin and a thick piece. The L-extrusion was received in two pieces (0.60" x 4.00" x length and
1.55" x 1.55" x length).

TESTING

Mechanical properties, (tension, compression, bearing, shear, and fracture toughness)
fatigue and constant amplitude fatigue crack growth tests were tested according to ASTM
standards, unless otherwise specified.

Spectrum tests were performed by the Air Force using FALSTAFF (a severe fatigue
environment) and Mini-TWIST (a moderately intense fatigue environment) spectrums.
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FIGURE Ml. 8090-Tr8 HAT EXTRUSION GEOMETRY.
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ALL DIMENSIONS ARE IN INCHES

FIGURE M2. 8090-T8 L-EXTRUSION GEOMETRY.
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TABLE NM

TENSILE RESULTS AT t/2 LOCATION FOR

ALCOA 8090-TS HAT EXTRUSION

COMPANY TEST ORIENT- ULTINATE YIELD ELONG RA CfOMMNT
TEmp ATION STRENGTH STRENGTH (t) (M)

(DEGREES 1) (KS!) (KS!)
-------------------------------------------- --------------------

ARKY-MTL RT LOING 62.5 5S.4 4.1 3.9 TOP
62.8 56.0 5.5 5.7 TOP
63.3 55.6 S.1 S.5 TOP
63.5 56.7 4.3 5.9 TOP
62.8 55.9 4.7 5.3 TOP
62.9 56.3 3.8 4.5 TOP

AVERAGE 62.9 56.0 4.6 5.1

STANDARD DEVIATION 0.4 0.4 0.6 0.8

TABLE 142

TENSILE RESULTS AT t/2 LOCATION FOR

ALCOA 8090-T8 HAT EXTRUSION

COMPANY TEST ORIENT- ULTIMATE YIELD ELONG RA COMMENT
TEMP ATION STRENGTH STRENGTH (%) (%)

(DEGRZES F) (KSI) (KS!)

ARMY-MTL RT LONG 64.1 56.6 4.5 4.1 BOTTOM
63.4 57.1 3.3 3.6 BOTTOM
64.3 54.7 S.0 5.3 BOTTOM
63.S 56.3 S.7 S.9 BOTTOM
63.1 $5.9 3.S 4.2 BOTTOM
61.9 55.4 4.2 6.S BOTTOM

AVERAGE 63.4 56.0 4.4 4.9

STANDARD DEVIATION 0.9 0.9 0.9 1.1
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TABLE 93

TENSILE RESULTS AT t/2 LOCATION FOR

ALCOA 8090-To HAT EXTRUSION

COMPANY TEST ORIENT- ULTIMATE YIELD BLOWS RA COIMENT
TEmp ATION STRENGTH STRENGTH (S) (M)

(DEGREES F) (KS!) (KS!)

ARMY-MTL RT LONG 64.0 SS.7 5.6 5.8 SIDE
64.3 56.9 4.1 4.2 SIDE
64.1 57.0 4.8 S.7 SIDE
64.7 57.4 4.S 4.1 SIDE
65.2 57.8 5.5 3.7 SIDE
64.S 57.3 S.S 4.6 SIDI

AVERAGE 64.5 57.0 5.0 4.7

STANDARD DEVIATION 0.4 0.7 0.6 0.9
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TASLE K4

BEARING RESULTS FOR ALCOR

8090-T8 HAT EXTRUGSION

COMPANY ORIENTATION e/D BEARING SEARING COMMENT
ULT. ST. YIELD 8Th.

(ff8) (ff8)

ARXY-KTL LONG 1.5 85.9 74.2 TOP
87.5 73.4 TOP
85.6 75.2 TOP

AVERAGE 86.3 74.3

STANDARD DEVIATION 1.0 0.9

TABLE HS

BEARING RESULTS FOR ALCOA

8090-T8 HAT EXTRUSION

COMPANY ORIENTATION e/D BEARING BEARING COm0ENT
ULT. STR. YIELD STR.

(KS8) (KSB)
---- ----------------------------------------------------------------
ARNY-NTL LONG 1.5 91.7 81.6 SIDE

95.4 80.9 SIDE
93.2 80.1 SIDE

AVERAGE 93.4 80.9

STANDARD DEVIATION 1.9 0.7
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TABLE M6

BEARING RESULTS FOR ALCOA

8090-T8 HAT EXTRUSION

COMPANY ORIENTATION o/D BEARING BEARING COMMENT
ULT. STR. YIELD STR.

(Ksx) (Ksx)

ARMY-MTL LONG 2.0 98.9 78.6 TOP
104.0 82.5 TOP
106.2 81.5 TOP

AVERAGE 103.0 80.9

STANDART DEVIATION 3.7 2.0

TABLE M7

BEARING RESULTS FOR ALCOA

8090-T8 HAT EXTRUSION

COMPANY ORIENTATION e/D BEARING BEARING COMMENT
ULT. STR. YIELD STR.

(Ksi) (,sz)

ARMY-MTL LONG 2.0 116.3 89.0 SIDE
111.6 89.0 SIDE
112.9 89.9 SIDE

AVERAGE 113.6 89.3

STANDARD DEVIATION 2.4 0.5
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TABLE He

TENSILE RESULTS AT t/2 LOCATION MoR
ALCOA 8090-T8771 "L" EXTRUSION

COMPANY TEST ORIENT- ULTIMATE YIELD ELONG RA z
TRW ATION STRENGTH STRENGTH (%) (M) (mSa)

(DEGREES F) (KSI) (KSi)

ARMY-MTL RT LONG 76.0 69.6 2.8 10.9
68.8 57.5 3.2 11.0
70.8 58.0 4.7 11.3
69.8 58.0 5.2 11.1
69.4 59.0 3.4 10.8
69.4 58.0 4.1 11.3

MARTIN RT LONG 72.1 64.9 5.0 4.9 (1)
MARIETTA, LA 70.3 60.1 6.0 6.3 (1)

70.4 59.6 5.0 3.3 (1)
79.5 76.8 5.0 4.1 (2)
79.5 76.3 3.0 3.9 (2)
78.9 76.8 5.0 4.1 (2)

AVERAGE 73.0 64.8 4.6 4.4 11.1

STANDARD DEVIATION 4.4 8.4 0.9 1.0 0.2

(1): THICK SECTION
(2): THIN SECTION
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TABLE U9

TENSILE RESULTS AT t/2 LOCATION FOR
ALCOA 8090-T8771 *L" E XTR USION

COMPANY TEST ORIENT- ULTIMATE YIELD ELONG Rh a
TEMP ATIOI STRENGTH STRENGTH (t) (t) (Hsi)

(DEGREES F) (K5s) (KS!)

ARNY-,TL RT L TRANS 68.2 52.8 6.3 11.0
68.4 53.8 5.0 10.8
68.6 53.0 6.5 10.6
68.0 52.5 6.5 10.3
67.5 54.0 4.1 11.0
68.5 53.5 5.9 10.8

MARTIN RT L TRANS 69.9 55.1 8.0 11.0 (1)
MARIETTA, LA 69.6 55.4 7.0 8.0 (1)

70.0 55.2 8.5 9.0 (1)

AVERAGE 68.7 53.9 6.4 9.3 10.8

STANDARD DEVIATION 0.9 1.1 1.4 1.5 0.3

(1): THIN SECTION
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TAME 1110

TEN31LE RESULTS AT t/2 LOCATION FOR
ALCOR 8090-T8771 OL U ETRUSION

COMPANY TEBST ORIENT- ULTIMATE YIELD ELONG Rh 3
TEMP ATION STRENGTH STRENGTH (t) (t) (max)

(DEGREES F) (KS!) (KS!)

ARMY-MTL RT S TRANS 66.5 51.0 6.0 9.9
58.3 43.0 8.0 9.6
67.0 52.0 8.0 9.8

AVERAGE 63.9 48.7 7.3 9.8

STANDARD DEVIATION 4.9 4.9 1.2 0.2
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TABLE Nil

COMPRESSION RESULTS AT t/2 LOCATION IOR
ALCOA 8090-T8771 "L* EXTRUSION

COMPANY TEST ORIENTATION COMPRESSIVE COMPRESSIVE
TEMPERATURE YIELD STRENGTH MODULUS
(DEGREES P) (KSI) (KSr)

---- --------------------------------------------------------
ARMY-MTL RT LONG 6S.3 10.6

S4.6 10.4
53.8 11.1
61.7 9.9
52.8 11.9
S3.9 10.8

MARTIN RT LONG 49.8 11.5 (1)
MARIETTA, LA 43.4 (1)

so.0 11.9 (1)
54.1 11.9 (2)
47.9 11.8 (2)
47.7 11.8 (2)

AVERAGE 52.9 11.2

STANDARD DEVIATION 6.0 0.7

(1): THICK SECTION
(2): THIN SECTION
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TADLE M(22

COMPRESS ION RESULTS AT t/2 LOCATION FOR

ALCOA 8090-T8771 *L EXTRUSION

COMPANY TEST ORIENTATION COMPRESSIVE COMPRESSIVE
TEMPERATURE YIELD STRENGTH NODUWS
(DEGREES 7) (VAX) (KS!)

ARNY-NTL RT L TRANS 58.2 9.5
59.9 11.9
58.8 13.4
55.7 11.8
58.1 11.3
64.7 8.9

MARTIN RT L TRANS 52.0 11.9 (1)
MARIETTA, LA 49.8 11.7 (1)

49.8 11.8 (1)

AVERAGE 56.3 11.4

STANDARD DEVIATION 5.0 1.4

(1): THICK SECTION
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TABLU M13

COMPRESSION RESULT8 AT t/2 LOCATION FOR
ALCOA 8090-T8771 "L" EXTRUSION

COMPANY TEST ORIENTATION COMPRESSIVE COMPRESSIVE
TEMPERATURE YIELD STRENGTH MODULUS
(DEGREES F) (KSI) (Kai)

ARNY-MTL RT 8 TRANS 51.5 10.1
52.0 11.2
52.0 11.5

MARTIN RT S TRANS 50.1 11.7 (1)
MARIETTA, LA 50.2 11.8 (1)

S0.1 11.4 (1)

AVERAGE 51.0 11.3

STANDARD DEVIATION 0.9 0.6

(1): THICK SECTION
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TABLE M14

RIVET SHEAR RESULTS FOR ALCOR
8090-T8771 aL" EXTRUSION

COMPANY ORIENTATION SHUAR
STRENGTH

(KS!)

ARKY-NTL LONG 40.7
41.4
45.0
39.6
41.4
39.9

AVERAGE 41.3

STANDARD DEVIATION 2.3

TABLE MIS

RIVET SHEAR RESULTS FOR ALCOA
8090-T8771 "L* EXTRUSION

COMPANY ORIENTATION SHEAR
STRENGTH

(KS!)

ARMY-MTL L TRANS 38.3
37.5
35.5
38.7
38.0
36.8

AVERAGE 37.5

STANDARD DEVIATION 1.4
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TABLE M16

FRACTURE TOUGHNESS RESULTS FOR
ALCOA 8090-T8771 "LN EXTRUSION

COMPANY ORI ENTATION Kic Kq COhlENT
(KSI inAO.S) (KS! inAO.S)

----------------------------------------------------------------------------

ARNY-MTL L-T 31.9 (1)
32.9 (1)
30.2 (1)
29.0 (1)

MARTIN L-T 33.1 (1)
MARIETTA, LA 38.5 (1)

36.3

AVERAGE 36.3 32.6

STANDARD DEVIATION 3.3

(1): INVALID DUE TO B < 2.5(KQ/Fty)A2
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TABLE M17

FRACTURE TOUGHNESS RESULTS voM
ALCOA 8090-T8771 "L" EXTRUSION

COMPANY ORIENTAT ION KIC Kq COMMENT
(KS! Iný0.5) (KS! LnA0.5)

ARKY-NTL T-L 29.8 (1),(2)
28.9 (1),(2)
30.8 (1),(2)
30.2 (1),(2)
30.9 (1),(2)

MARTIN T-L 20.2
MARIETTA, LA 19.7

18.0

AVERAGE 19.3 30.1

STANDARD DEVIATION 1.2 0.8

(1): INVALID DUE TO Pmax/Pq > 1.10

(2): INVALID DUE TO B < 2.5(KQ/Fty)A2
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TABLE HIS

FRACTURE TOUGHNESS RESULTS FOR
ALCOA 8090-T8771 "La EXTRUSION

COMPANY ORIENTATION Ric Kq COlhET
(11 Wn"0.5) (131 inAO.5)

ARNY-NTL S-L 22.6
22.6
22.7
22.4
22.3
21.5

AVERAGE 22.4

STANDARD DEVIATION 0.4

TABLE M19

FRACTURE TOUGHNESS RESULTS FOR
ALCOA 8090-T8771 "L" EXTRUSION

COMPANY ORIENTATION KIC Kq COMMENT
(KSI inAO.5) (KSI inA0.5)

MARTIN S-T 19.2 (1)
MARIETTA, LA 21.7 (1)

20.9

AVERAGE 20.9 20.5

STANDARD DEVIATION 1.8

(1): INVALID DUE TO Pmax/Pq > 1.10
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TAUL, 5620

FATIGUE RISULTS WITH R-O.1 AND Kt-l.0 FOR
ALCOA 8090-T8771 "Lm ETRUSION

COMPANY ORIENTATION STRESS CYCLSs
(KS!)

ARMY-MTL LONG 47.5 30,000
39.3 164,000
30.1 1,411,000
28.0 3,639,000
27.8 171,000
27.5 11,787,000 *
26.2 10,382,000 *

(*): RUN OUT
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FIGURE M3. FATIGUE RESULTS FOR 8090-T8 771
L-EXTRUSION (R-0.1 AND Ktm.O.).
Amry.
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Fatigue Crack Growth Rate ior 8090-T8
Extrusion, L-T Orientation

Sp m R K4rad Temp.
LT4 .1 0 7VW.
LT4 3 0 70F.

- • •k LT-2
* .. U Specien LT4

4K( )Www•h 100

FIGURE M4. FATIGUE CRACK GROWTH RATES for
8090-T"8771 L-Extrusion (L-T Orientation).
Martin Marietta.
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Fatigue Crack Growth Rate for 8090-T8
Extrusion, T-L Orientation

10 * . .

Specimen R K-Grad Temp.
7.-2 .1 0 7,F.
IL..4 .3 0 709F.
"n.-6 .1 0 709F. U0 "

10-5 
i

Su •Specim.n TL-2

S* ,Specimen TL-4

%~ Specimen TL-6

!-
10-6 L

10"7.

10 100
&K. ks4inch

FIGURE M5. FATIGUE CRACK GR 'TH RATES for
8090-T8771 L-EXTRUb JN
(T-L Orientation).
MARTIN MARIETTA.
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Fatigue Crack Growth Rate for 8090-T8

Extrusion, S-T Orientation

SR K- md Temp. u

ST- .1 0 7&0'F.
ST-4 .3 0 70=F.
ST4 .1 0 70'F. I

.106 SpecimemnST-2

'O's 0 SpcimenST-4

U SpecmnmST-6

10.5-6°el

10 -7 , , , , , n
IK, ksiqikwh 100

FIGURE M6. FATIGUE CRACK GROWTH RATES for
8090-T8771 L-EXTRUSION
(S-T Orientation).
MARTIN MARIETTA.
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APPENDIX N

7064-I74511 EXTRUSION
l"X4"X48"

INTRODUCTION

The Kaiser P/M aluminum alloy 7064-T74511 x4"x48" extrusions were received in
December 1986. The 7064 extrusions were tested by LTV, Martin Marietta and the Air Force.

Mechanical properties (tension, compression, shear, bearing and fracture toughness),
fatigue, and constant amplitude fatigue crack growth tests were generated according to ASTM
standards, unless otherwise specified.

Spectrum fatigue crack growth rate tests were perforted by the Air Force using
FALSTAFF (a severe fatigue environment) and Mini-TWIST (a moderately intense fatigue
environment) spectrums.
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TABLE N1

TENSILE RESULTS AT t/2 LOCATION FOR

KAISER 7064-T74511 EXTRUSION

COMPANY TEST ORIENT- ULTIMATE YIELD ELONG RA MODULUS
TENP ATION STRENGTH STRENGTH (%) (%) (HIs)

(DEGREES F) (KSI) (KSI)

LTV RT LONG 85.8 79.4 12.2 21.6 10.0
87.5 81.7 12.3 19.3 9.7
87.7 82.2 14.3 22.3 10.3

AIR FORCE RT LONG 82.2 75.8 10.5 18.0
80.7 73.9 11.3 24.3
81.2 74.7 12.0 25.6

MARTIN RT LONG 91.6 86.5 18.0 27.5 9.8
MARIETTA, 90.5 85.3 20.0 30.6 9.4
LOUISIANA 90.2 85.0 19.0 31.0 9.7

AVERAGE 86.4 80.5 14.4 24.5 9.8

STANDARD DEVIATION 4.2 4.8 3.6 4.6 0.3

TABLE N2

TENSILE RESULTS AT t/2 LOCATION FOR

KAISER 7064-T74511 EXTRUSION

COMPANY TEST ORIENT- ULTIMATE YIELD ELONG RA MODULUS
TEMP ATION STRENGTH STRENGTH (M) (%) (MSI)

(DEGREES F) (KSI) (KSI)

LTV RT L TRANS 83.0 76.6 9.0 11.8 9.2
85.3 79.6 8.5 19.1 10.4
85.5 80.2 11.0 22.7 10.4

AIR FORCE RT L TRANS 79.2 72.8 10.0 21.6
78.3 72.0 10.7 25.6
79.1 72.6 11.3 27.8

MARTIN RT L TRANS 88.8 82.7 8.0 7.8 10.7
MARIETTA, 89.2 83.2 9.0 2.0 10.1
LOUISIANA 88.0 82.7 10.0 16.1 9.7

AVERAGE 84.0 78.0 9.7 17.2 10.1

STANDARD DEVIATION 4.3 4.6 1.2 8.6 0.5
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TABLE N3

COMPRESSION RESULTS AT t/2 LOCATION FOR

KAISER 7064-T74511 EXTRUSION

COMPANY TEST ORIENTATION COMPRESSIVE COMPRESSIVE
TEMPERATURE YIELD STRENGTH MMOULUS
(DEGREES F) (KSI) (max)

LTV RT LONG 97.4 14.8
79.8 10.3
83.0 11.8

AIR FORCE RT LONG 83.3
81.6
82.5

MARTIN RT LONG 87.1 11.1
MARIETTA, 86.0 11.1
LOUISIANA 86.9 11.1

AVERAGE 85.3 11.7

STANDARD DEVIATION 5.2 1.6

TABLE N4

COMPRESSION RESULTS AT t/2 LOCATION FOR

KAISER 7064-T74511 EXTRUSION

COMPANY TEST ORIENTATION COMPRESSIVE COMPRESSIVE
TEMPERATURE YIELD STRENGTH MODULUS
(DEGREES F) (KSI) (HSI)

LTV RT L TRANS 82.7 10.8
82.9 11.8
82.8 11.2

AIR FORCE RT L TRANS 83.3
81.8
84. 1

MARTIN RT L TRANS 87.3 11.4
MARIETTA, 86.1 11.3
LOUISIANA 86.6 11.9

AVERAGE 84.2 11.4

STANDARD DEVIA2TWN 2 .0 0. 4
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TABLE NS

IOSIPESCU SHEAR RESULTS FOR

KAISER 7064-T74511 EXTRUSION

COMPANY ORIENTATION ULTIMATE

STRENGTH

(KSI)

LTV LONG 49.7
51.0
50.9

AVERAGE 50.5

STANDARD DEVIATION 0.7

TABLE N6

IOSIPESCU SHEAR RESULTS FOR

KAISER 7064-T74511 EXTRUSION

COMPANY ORIENTATION ULTIMATE
STRENGTH

(KS!)
----- --------------------------------------------------------------

LTV L TRANS 50.4
49.8
50.2

AVERAGE 50.1

STANDARD DEVIATION 0.3
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TABLE N7

BEARING RESULTS FOR KAISER

7064-T74511 EXTRUSION

COMPANY ORIENTATION o/D BEARING BEARING
ULT. STR. YIELD STR.

(KSI) (KSI)

LTV LONG 1.S 124.S 93.9
134.4 111.9
129.8 108.2

AVERAGE 129.6 104.7

STANDARD DEVIATION 5.0 9.s
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TABLE H8

BEARING RESULTS FOR KAISER

7064-T74511 EXTRUSION

COMPANY ORIENTATION O/D BEARING BEARING
ULT. STR. YIELD 8TR.

(,S1) (KSI)
----- --------------------------------------------------------------
LTV LONG 2.0 159.5 122.7

169.5 122.2
160.8 117.0

AIR FORCE LONG 2.0 163.5 139.5
166.7 125.3
162.3 120.0

AVERAGE 163.7 124.5

STANDARD DEVIATION 3.8 7.9

TABLE N9

BEARING RESULTS FOR KAISER

7064-T74511 EXTRUSION

COMPANY ORIENTATION o/D BEARING BEARING
ULT. STR. YIELD STR.

(KSI) (KSI)
----- --------------------------------------------------------------
AIR FORCE L TRANS 2.0 164.2 123.8

159.3 114.7
163.5 115.6

AVERAGE 162.3 118.0

STANDARD DEVIATION 2.7 5.0
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TABLE N1O

FRACTURE TOUGHNESS RESULTS FOR

KAISER 7064-T74511 EXTRUSION

COMPANY ORIENTATION KIC Kq COMMENT
(KSI IN-o.5) (KSI INAO.5)

LTV L-T 32.6 (1)
33.5 (1)
29.6 (1)

AIR FORCE L-T 29.5 (2)
27.9 (2)
28.8 (2)

MARTIN L-T 24.2 VALID
MARIETTA, 26.3 (3)
LOUISIANA 25.2 (3)

AVERAGE 24.2 29.2

STANDARD DEVIATION 2.8

(1): INVALID DUE TO TEST SPECIMEN FRACTURE SURFACE

VIOLATED KIC REQUIREMENTS

(2): INVALID DUE TO SURFACE CRACK LENGTH/AVERAGE CRACK LENGTH > 1.1

(3): INVALID DUE TO CRACK SIZE DID NOT EXCEED PLASTIC ZONE SIZE
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TABLE Nll

FRACTURE TOUGHNESS RESULTS FOR

KAISER 7064-T74511 EXTRUSION

COMPANY ORIENTATION KIC Kq COMMENT
(1sI INo.5) (1s8 INo.5)

LTV T-L 24.6 VALID
25.0 VALID
25.2 VALID

AIR FORCE T-L 23.5 VALID
24.1 VALID
23.8 VALID

MARTIN T-L 10.2 (1)
MARIETTA, 17.1
LOUISIANA 17.1

AVERAGE 22.6 10.2

STANDARD DEVIATION 3.4

(1): INVALID DUE TO PRECRACKING LOADS WERE TOO HIGH
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TABLE N12

FATIGUE RESULTS WITH Kt-1.0 AND RwO.1 FOR

KAISER 7064-T74511 EXTRUSION

COMPANY ORIENTATION LIMIT CYCLES TO
STRESS FAILURE
(III)

LTV LONG 65.6 13,900
65.0 1,800
56.6 23,400
47.9 49,900
47.9 75,700
47.8 318,100 1
45.0 6,500
43.5 2,000,000 *

39.4 38,500
39.1 93,100 1
37.0 193,900
35.0 113,000
30.0 800,000 *
25.2 2,300,000 *

(*): INDICATES A RUN OUT TEST
(1): INDICATES SPECIMEN FAILED IN THE THREADS
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TABLE 313

FATIGUE RESULTS WITH Kt-3.0 AND R-O.1 FOR

KAISER 7064-T74511 EXTRUSION

COMPANY ORIENTATION LIMIT CYCLES TO
STRESS FAILURE

(KSI)

LTV LONG 43.5 5,100
34.8 10,800
32.6 19,700
31.3 23,500
30.5 66,200
28.3 39,300
26.1 56,700
26.1 40,400
24.4 72,000
23.9 3,000,000 *
23.5 1,998,100
21.8 2,000,000 *
21.7 3,000,000 *
20.0 2,000,000 *
17.4 3,000,000 *

(*): INDICATES A RUN-OUT TEST

435



L0- Iii i
S! ; I I :j

60 * m LKt-1

90

60 :-H;

ii ! i

-CyeI to Fcdl g I

F . FATI RESULTS F 76T5 E

60 ........ T ..... IT-T TTT[+ T........... T-"l- T fl-TT T ......... hTrTrr j- r,rKt- i

(LONGITUDINAL ORIENTATION). LTV.

436



(MPa ('M)
10 100
I I '

7054-T7 CG-LT (I. 2)

10"4

C

CC 1000
0)C

-.4>I CC10-5 -- Il

0/ 4
* U

4P C
C

0

LAB AIR

LT Orientation

-7 1 1111 1 1 1 1 11i

110 1GO
Delta K (KSI fin)

FIGURE N2. FATIGUE CRACK GROWTH RATE DATA for Two
7064-T7451 1 Extrusion Specimens.
(L-T ORIENTATION).
AIR FORCE. 43



(MPa fim)
10 100

I I

7064-T7 CG-TL- (1.2)

10-4-

S 1000S

"10-5 . /

/X

E
c

c 0

107
o £

SR - 0.1 10

72 F C 22 C)

20 Hz

I LAB AIR
TL Ori entation

1n-7 1 1 1 I IA l 11 1 1 1 1- 1 1I

10 100
Dalta K (KSI fin)

FIGURE N3. FATIGUE CRACK GROWTH RATE DATA for Two
7064-T7451 1 Extrusion Specimens.
(T-L ORIENTATION).
AIR FORCE. 438



0

I.-

cn U.

00
0

0 -W

* LU

0 0

0 t- m
C- 

cs U-

MHN Z HO3c O8

b~ C ~ 439



(MPo fm )

10 100

10I I

7064-T74511 EXTRUSION
Mini-TWIST
Maximum Stress * lKsl
L-T Orientation
Lab Air 100_)O
Spec.# SP-I

4)

(..q
0

-.--

C

_ 4 4)

1 lO ooo

4) 
C

L

L

44

U

1000

10-
110 100

Kmcix. (KSI fin)

FIGURE N5. Min-TWIST Spectrum Fatigue Crack Growth Rate Data
for 7064-T74511 Extrusion.
Air Force.

440



* I

w 0

(SHN 020IN1)3H

44



(HPa fm )

10 100
0-2I' I

7064-T74611 EXTRUSION
FALSTAFF Spectrum
Maximum Stress • 20KIl
L-T Orientation
Lab Air I000C
Spec.& SP-2

V4

10"

C

*14

a 0- -l = I Doo

0

L

C2-4
10

L
U JP

1000

110 too
Kmax. (KSI fin)

FIGURE N7. FALSTAFF SPecOMM Fatigue Crack Growth Rate Data
for 7064-T7451 1 Extrusion.
Air Force.

442



APPENDIX 0

7064-T74 HAND FORGING
1.6"X4"X18"

INTRODUCTI3ON

The Kaiser P/M aluminum alloy 7064-714 1.6"x4"xlS" forgings were received in
December 1986. Forged 7064 was tested by Lockheed, LTV, Martin Marietta, McDonnell
Aircraft Company, and the Air Force.

Mechanical properties (tension, compression, shear, bearing and frature toughness),
fatigue, and constant amplitude fatigue crack growth tests were generated according to ASTM
standards, unless otherwise specified.

Spectrum fatigue crack growth rate tests were performid by the Air Force using
FALSTAFF (a severe fatigue environment) and Mini-TWIST (a moderately intense fatigue
environment) spectrums.
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TALE 01

T1USILS RBSULTS AT t/2 LOCATION FM

KAlSER 7064-T74 HAND FORGI 3G8

COMPANY TrST ORIENT- ULTIMATz YIELD SLOIG RA MODULUS
TIMP ATION STRNoTm STRETH (t) (1) (mSa)

(DWREnS ) (KS!) (KS!)

NAhR, RT LONG 80.0 74.0 13.0
ST. LOUIS 80.0 73.0 14.0

81.5 75.0 11.0
80.5 74.0 13.0

LOCKHED, RT LONG 77.2 69.7 9.9
GBORGIA 81.9 75.0 11.2

81.0 75.2 10.5
84.9 79.0 10.6
81.5 74.7 10.2
81.1 74.1 10.1
80.0 74.0 10.1
84.1 78.4 9.9
80.6 73.6 10.3
80.5 74.3 10.1

MARTIN RT LONG 79.5 71.4 5.0 41.6 10.1
MARIZTTA, 79.4 70.9 12.0 44.0 10.2
LOUISIANA 78.6 70.6 14.0 37.9 10.1

LTV RT LONG 80.6 74.3 13.3 32.4 9.4

79.1 72.6 13.7 29.8 9.5

78.7 71.7 15.4 38.9 9.5
82.0 75.9 10.6 31.0 9.7

AVERAGE 80.6 73.9 12.3 36.S 10.1

STANDARD DEVIATION 1.8 2.3 2.8 5.5 0.4
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TABLE 02

TNS ILB RESULTS AT t/2 LOCATION FOR

rKAISSR 7064-T74 HAND FORGING$

COMPANY TEST ORIZNT- ULTIMATE YIELD rLONG RA MODULUS
TwMo ATION STRENTH STRZNCTH (S) () (Ki)

(DEGREES r) (KSr) (KSr)
------------------------------ ----
MCA!R, RT L TRANS 80.0 72.0 8.0
ST. LOUIS 80.0 72.5 9.0

80.5 73.0 8.0
80.0 72.5 8.0

LOCKHEUE, RT L TRANS 83.0 77.1 10.8
GEORGIA 80.2 73.3 9.6

80.5 73.7 9.9
78.9 72.9 10.0
79.9 73.0 10.7
79.9 72.5 9.7
78.6 71.8 10.6
79.8 71.3 10.6
78.0 71.4 10.2
78.9 70.6 10.4

MARTIN RT L TRANS 78.5 70.0 6.0 6.1 10.0
MARIZTTA, 79.2 71.3 8.0 10.2 10.0
LOUISIANA 77.5 69.1 13.0 32.7 10.0

LTV RT L TRANS 77.8 70.9 8.0 15.3 9.5
78.1 70.6 10.0 19.3 9.7
77.8 68.8 8.0 11.7 10.0
77.2 68.7 7.0 9.7 10.3

AVERAGE 79.3 71.8 8.5 15.0 10.1

STANDARD DEVIATION 1.3 1.9 1.8 8.9 0.4
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TABZ, 03

TENS ILE RESULTS AT t/2 LOCATION FOR

KAISER 7064-T74 HAND VORGINGS

cOMPANY TEST ORIENT- ULTIMATE YIELD ELOUG RA NODULUS
TEMp ATION STRENGTH STRENGTH (t) (M) (HSI)

(DEGREES 7) (KSI) (KSu)
--------------------------------------------------------------
MCAIR, RT S TRANS 82.5 77.0 10.0
ST. LOUIS 83.0 76.S 6.0

81.5 7S.0 6.0
82.0 76.0 7.0

AVERAGE 82.3 76.1 7.3

STANDARD DEVIATION 0.6 0.9 1.9
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TABLE 04

COMPRESSION RESULTS AT t/2 LOCATION FOS

KAISER 7064-T74 HAND FORGINGS

COMPANY TUST ORIENTATION COMPRESSIVE COMPRESSIVE
TEMPERATURE YIELD STRENGTH MODULUS
(DEGREES F) (ESI) (Kai)

-- --------------------------------------------------------------- --
MCAIR, RT LONG 75.5 11.2
ST. LOUIS 77.5 11.5

75.0 10.8

LOCKXHED, RT LONG 76.6 10.6
GEORGIA 78 .0

83.4 10.4
79.9 10.6
83.5
78.5
78.1 10.5

MARTIN RT LONG 76.4 11.0
MARIETTA, 77.2 11.0
LOUISIANA 75.3 10.9

LTV RT LONG 80.4 11.5
77.7 11.4
76.4 12.5
79.6 11.8

AVERAGE 78.2 11.1

STANDARD DEVIATION 2.5 0.6
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TAULE OS

COMPRESSION RESULTS AT t/2 LOCATION FOR

KAISER 7064-T74 HAND FORGING$

COMPANY TEST ORIENTATION COMPRESSIVE COMPRESSIVE
TEMPERATURE YIELD STRENGTH MODULUS
(DEGREES F) (KoI) (HSI)

--------------------------------------------------------------------
MCAIR, RT L TRANS 75.0 11.2
ST. LOUIS 76.5 11.8

76.0 11.9

LOCKHEED, RT L TRANS 72.9
GEORGIA 80. 5

75.3 11.2
78.3 11.3
77.7 11.1
73.8 9.8
72.0 9.7

MARTIN RT L TRANS 76.4 11.2
MARIETTA, 76.1 11.1
LOUISIANA 76.1 11.1

LTV RT L TRANS 77.9 11.1
76.8 12.0
78.7 11.8
74.9 11.7

AVERAGE 76.2 11.2

STANDARD DEVIATION 2.1 0.7
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TABLE 06

SLOTTED SHEAR RESULTS FOR

KAISZR 7064-T74 HAND FORGINGS

CONPAI•Y ORIENTATION ULTIMATE
STRENGTH

(Kai)

NCAIR, LONG 53.5
ST. LOUIS 47.5

46.5

AVERAGE 49 .2

STANDARD DEVIATION 3.8

TABLE 07

AMBLER DOUBLE SHEAR RESULTS FOR

KAISER 7064-T74 HAND FORGINGS

COMPANY ORIENTATION ULTIMATE
STRENGTH

(KSI)

LOCKHEED, L-T 50.0
GEORGIA 51.8

50.4

AVERAGE 50.7

STANDARD DEVIATION 0.9
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TABLE 08

1OIPRSCU SHEAR RESULTS FOR

KAISER 7064-T74 HAND FORGINGS

COMPANY ORIENTATION ULTIMATE
STRENGTH

(KSi)
-- --------------------------- --------------------------------------
XITV LONG SO.S

52.5
48.0
48.9
51.5

51.3
51.7
50.4

AVERAGE 50.6

STANDARD DEVIATION 1.5

TABLE 09

IOSIPZSCU SHEAR RESULTS FOR

KAISER 7064-T74 HAND FORGINGS

COMPANY ORIENTATION ULTIMATESTRENGTH

(KSI)

LTV L TRANS 50.2
51.3
51.2
52.7
49.5
53.7
51.8

AVERAGE 51.5

STANDARD DEVIATION 1.4
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TABLE 010

BEARING RESULTS FOR KAISER

7064-T74 HAND VORGINGS

COMPANY ORIENTATION o/D BEARING BEARING
ULT. 8TR. YIELD STR.

(ESI) (rXI)

LOCKHEED, LONG 1.5 137.0 116.0
GEORGIA 115.0 105.0

139.0 114.0

LTV LONG 1.5 132.8 112.4
132.4 112.1
137.7 115.9

AVERAGE 132.3 112.6

STANDARD DEVIATION 8.9 4.1

TABLE Ol

BEARING RESULTS FOR KAISER

7064-T74 HAND FORGINGS

COMPANY ORIENTATION o/D BEARING BEARING
ULT. STR. YIELD STR.

(KSI) (KSI)

LTV L TRANS 1.5 134.3 116.6
135.2 114.7
139.1 116.S
138.5 117.1

AVERAGE 136.8 116.2

STANDARD DEVIATION 2.4 1.1
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TABLE 012

SNARING RESULTS FOR KAISER

7064-T74 HAND FOIGINGS

COMPANY ORIENTATION */D BEARING SNARING
ULT. STR. YIELD 8TR.

(KSI) (KSn)
---- ---------------------------------------

.CAIR, LONG 2.0 148.0
ST. LOUIS 149.0 117.0

143.0 112.0

LOCKHEED, LONG 2.0 168.0 135.0
GEORGIA 169.0 123.0

170.0 126.0

LTV LONG 2.0 165.1 131.9
170.6 143.1
176.1 137.5

AVERAGE 162.1 128.2

STANDARD DEVIATION 12.0 10.6

TABLE 013

BEARING RESULTS FOR KAISER

7064-T74 HAND FORGINGS

COMPANY ORIENTATION e/D BEARING BEARING
ULT. STR. YIELD STR.

(KSI) (KSI)

XCAIR, L TRANS 2.0 149.0 119.0
ST. LOUIS 149.0 116.0

151.0 119.0

LTV L TRANS 2.0 173.0 135.9
172.1 134.6
171.8 135.0
168.1 142.8

AVERAGE 162.0 128.9

STANDARD DEVIATION 11.7 10.6
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TABLE O14

FRACTURE TOUGHNESS RESULTS FOR

KAISER 7064-T74 HAND P011GNGS

C0MPANY ORIENTATION KIC Xq COMENT
(KSI IN0.5) (KS! IN-0.5)

MCAIR, L-T 24.1 VALID
ST. LOUIS 27.5 VALID

LOCKHEED, L-T 26.0 VALID
GEORGIA 29.0 VALID

MARTIN L-T 27.2 (1)
MARIETTA, 23.6 (1)
LOUISIANA

LTV L-T 24.1 (2)(3)
26.4 (2)(3)
29.4 (2)

AVERAGE 26.7 26.1

STANDARD DEVIATION 2.1 .

(1): INVALID DUE TO a/W-O.552 > 0.SS
(2): INVALID DUE TO TEST SPECIMEN FRACTURE SURFACE

VIOLATED KIC REQUIREMENTS
(3): INVALID DUE TO KnaX PRECRACK > 0.6 Kq
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TAM.3 01.5

FRACTURE TOMGHNSS R3BSULTS FOR

KAISSR 70"4-T74 HAND VORGINOS

COMPANSY ORIENTATION Ric Eq CWUUUET
(SI II 13.5) (KSI 10-0.5)

NCAIR, T-L 17.S VALID
ST. LOUIS 17.0 VALID

MARTIN T-L 18.7 (1)
MARIETTA,
LOUISIANA

LTV T-L 30.2
21.1 O

27.9 VALID

AVERAGE 20.9 23.3

STANDARD DEVIATION 6.1 6.1

(1): INVALID DUE TO a/V-O.552 > 0.55
(2)s INVALID DUE TO TEST SPECIMEN FRAkCTURE SURFACE

VIOLATED KIC REQUIREMENTS
(3): INVALID DUE TO Imax PRECRACK > 0.6 Kq
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TABLE 016

FRACTURE TOUGHINSS RESULTS FOR

KAISER 7064-T74 HAND VRONGS

COMPANY ORIENrTATION KIC Kq COoMMr
(KSI ZNAO.S) (KS! IN*0.5)

KCA•R, 8-T 20.3 (1),(2)
ST. LOUIS 19.9 VALID

MARTIN S-T 1M.8 (1)
MARIETTA, 14.3 (1)
LOUISIANA

AVERAGE 19.9 16.8

STANDARD DEVIATION 0.0 3.1

(1)t INVALID DUE TO SURFACE TRAhC/AVERAGE CRACK ERROR VALUE > VALID REQ
(2): AVRAGE CRACK/N VALUE LIESS THAN VALID REQUIREMENT
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TA3L 017

mezuuu TOWZHESS R3ULS rOM

KAISNE 7064-T74 MWN VORSZNS

CamWANY ORXZUTATION Kic lKq COSUIDIT
(KS! IN3*05) (KS% IN-0.5)

NhMTIN S-L 19.3 (1)

KARKITTA 1 *.7

LOGISIAsA 15.*0

AVBRAGE 15.9 19.3

STANDAR DIVIATION 1.2 0.0

(1): INVALID DUN To a/W-0.552 >0.55
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TAMLA 016

FATIGUE RESULTS WITI Ktil.0 AND R-1.0 FM

KAISER 7064-T74 HAND FMGINIS

COMPIANY ORIENTATION LIIT CYCLES To
8TlRES FAILURE

NAZUR, LOUA 60.0 2,270
ST. LOUIS 55.0 5,140

50.0 10,750
4S.0 18,150
40.0 86,100
35.0 206,670
30.0 2,560,000 *
25.0 1,000,000 *

(*): INDICATES A RUN OUT TEST
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TAUSE 019

FATIOGU REwULTS WITHN Kt.l.0 AND 3-0.1 FOR

KAS•ER 7064-T74 HMND FYOINS

COMNPANY ORI"NTATIOU LIMIT CT'hLU TO
52353 FAILURX

(UK)

LTV LOW SO.0 11,600
46.1 15,100
44.9 17,400
44.0 12,100
43.0 28,200
42.9 18,800
41.7 28,000
40.9 28,300
40.1 10,700
39.7 7,400
36.9 24,700
36.0 285,600
35.2 18,000
34.4 318,700
33.2 3,000,000 *

(*) sINDICAhTS A RUN-OUT TLST
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FIGURE 01. FATIGUE DATA for 7064-T74 Hand Forging (Longitudina
Orientation R-0.1, Kt- I and Ktm3).
LTV.
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TANL 020

FATIGCU IMSULTS WITH Ktw3.0 AND R-0.1 70a

KAISZR 7064-T74 H •N8ORGINOS

COIMANY OUIZNTATZON LXIMT CYCLas TO
STRSS lALURt
(KS!)

LT LONG 36.1 9,800
33.7 9,900
32.8 24,500
30.5 18,900
28.0 19,600
27.5 17,400
27.0 67,100
26.5 368,300
26.4 38,100
26.3 138,700
26.0 983,600
26.0 3,000,000 *
2S.6 1,000,000 *
24.1 1,000,000 *
22.5 55,500

(*) INDICATS A RUN-OUT TUST
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APPENDIX P

CW67 SHEET
0.063"XI6"X48"

INTRODUCTION

The Alcoa P/M aluminum alloy CW67 0.063 inch sheets were received April 1989.
CW67 sheets were tested by Martin Marietta and McDonnell Aircraft Company.

Mechanical properties (tension, compression, shear, bearing and fracture toughness), and
constant amplitude fatigue crack growth tests were generated according to ASTM standards,
unless otherwise specified.
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TABLE P1

TENSILE RESULTS FOR ALCOR

CH67 SHEET (0.063" X 16- X 48")

COMPANY TEST ORIENT- ULTIMATE YIELD ELOUG RA 3
TEMP ATION STRENGTH STRENGTH (t) (%) (max)

(DEGREES F) (KSI) (KSI)

MARTIN RT LONG 81.5 77.5 8.0 10.0 9.8
MARIETTA, 81.9 78.7 7.0 10.0 9.7
LOUISIANA 82.9 79.5 6.7 9.8

MCDONNELL RT LONG 80.0 77.0 6.0 10.0
DOUGLAS 80.0 77.5 8.0 10.4

81.0 78.5 6.0 10.0

AVERAGE 81.2 78.1 7.0 8.9 10.0

STANDARD DEVIATION 1.1 0.9 1.0 1.9 0.3

TABLE P2

TENSILE RESULTS FOR ALCOA

CW67 SHEET (0.063" X 16" X 48")

COMPANY TEST ORIENT- ULTIMATE YIELD ELONG RA E
TEMP ATION STRENGTH STRENGTH ( M) (%) (MSI)

(DEGREES F) (KSI) (KS!)

MARTIN RT L TRANS 83.5 80.8 6.7 9.9
MARIETTA, 83.9 82.0 3.0 3.3 10.0
LOUISIANA 83.7 80.5 2.0 6.7 10.1

MCDONNELL RT L TRANS 87.5 83.0 4.0 10.3
DOUGLAS 86.5 82.0 5.0 10.3

86.5 82.0 5.0 10.4

AVERAGE 85.3 81.7 3.8 5.6 10.2

STANDARD DEVIATION 1.8 0.9 1.3 2.0 0.2
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TABLE P3

COMPRESSION RESULTS OP. ALCOA

CW67 SlHUT (0.063" x 16- x 48-)

COMPANY TEST ORIEZT&TIOU OCmprESZVE COMPlRESSIVE
TEMPERATURE YIELD STRENTHl MODLUS
(DEGREES F) (max) (max)

MCDONNELL RT LOWG 11.2
DOUGLAS 11.5

72.0 10.3

AVERAGE 72.0 11.0

STANDARD DEVIATION 0.0 0.6

TABLE P4

COMPRESSION RESULTS FOR ALCOR

CW67 SHZET (0.063" X 16" X 48")

COMPANY TEST ORIENTATION COMPRESSIVE COMPRESSIVE
TEMPERATURE YIELD STRENGTH MODULUS
(DEGREES 7) (Rai) (mSI)

MCDONNELL RT L TRANS 10.3
DOUGLAS 10 .8

11.2

AVERAGE 10.8

STANDARD DEVIATION 0.S
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TAMEI PS

SWIT?30 533AR MIULTS "aS ALCAM

CV67 5333? (0.063- X 16- X 48-)

COMPANY ORIENTATION sum8
STREGT

MCDONNELL. DOUGLAS LONMG 31.00
30.*0
29.3

AVERAG 30.1

STANDARD DEVIATION 0.9
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TAMAE P6

BEARING RESULTS 1, M ALCIA

CM67 SHESET (0.063- X 16- X 486)

CONPANY ORIENTATION o/D BEARING BEARING
ULT. STr. YIELD STE.

(Fix) (Um)

XCDONNELL LONG 1.5 117.1 101.3
DOUGLAS 124.3 107.7

125.5 111.1

AVERAGE 122.3 106.7

STANDARD DEVIATION 4. 5 5. 0

TABLE P7

BEARING RESULTS FOR ALCOR

CW67 SHEET (0.063" X 16' X 48")

COMPANY ORIENTATION O/D BEARING SEARING
ULT. STR. YIELD STR.

(KS!) (Kai)
---------------------------------------------------------------
MCDONNELL L TRANS 1.5 127.1 112.0
DOUGLAS 126.1 108.9

126.6 112.9

AVERAGE 126.6 111.3

STANDARD DEVIATION 0.S 2.1
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TABLE P8

BEARING RtSULTS FOR ALCOA

C167 SUBET (0.063- X 16- X 48")

COMPANIY ORIETATION O/D 33R1NG N33 ING
ULT. STR. YIELD STEr.

(KS!) (U!)

MCDON3M• LOng 2.0 169.4 148.8
DOUGLAS 162.0 116.3

163.5 139.S

AVERAGE 16S.0 134.9

STANDARD DEVIATION 3.9 16.7

TABLE P9

BEARING RESULTS FOR ALCOA

C0"67 SHEET (0.063" X 16" X 48")

COMPANY ORIENTATION */D BEARING BEARING
ULT. s5T. YIELD STR.

(KS!) (KS!)
-- ---------------------------------------------------------------

MCDOWNELL L TRANS 2.0 166.1 146.4
DOUGLAS 168.5 146.6

166.2 146.4

AVERAGE 166.9 146.S

STANDARD DEVIATION 1.4 0.1
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TABLE P1O

R-CURVE DATA FOR CW67 0.063 SHEET
(SPECIMEN 32)

Mc~onneU Nmaft Coapany

SPECIMEN IDENTIFICATION 32
MATERIAL DEUCRIPTION: CV67 SIGN STRENOTI ALUMINUM SUEIT
SPECIMEN TYPE: C(T) (COMPACT SPECIMEN)
SPECIMEN ORIENTATIONI L-T
YIZELD STRENGTNI 77.7 318
SPECIMZN TNICUNESS: 0.071 IN
SPECINNX VIDTH: 3.999 IN

SPECIMEN IS INVALID PER AW3N 3561-86, PARA. 7.5

APPLIED PEYS3CAL Kr ElrFECT!VI Kr
LOAD CRACK (UNCORRECTED) CRACK (CORRECTED)

LENGTH LENGTH
(ibs) (In) (patin) (In) (psi ILn)

1.02S 1.519 49,642 1.591 52,246
1,0SO 1.523 51.181 1.599 53,808
1.250 1.533 61,348 1.649 66,212
1,325 1.592 67.582 1.730 74.594
1.37S 1.610 70,986 1.777 79,463
1.400 1.613 72,406 1.788 o15s90
1.42S 1.636 74.930 1.831 85.575
1.450 1.638 76,24S 1.640 67,675
1,47S 1.642 77,762 1.656 90,199
1.500 1.660 80,039 1.894 94,263
1.525 1.662 81,493 1.910 96,969
1.5SO 1.663 62a.74 1.924 99,627
1,600 1.667 65,818 1.963 105,834
1.6S0 1.678 69,126 2.022 114,190
1.700 1.6"4 92,202 2.092 124,36"
1,725 1.706 94,972
1,750 FAILUi--

a.. Indicates that the equation for Kr (Corrected) did not
converge to a solution.
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TABLE P11

R-CURVE DATA FOR CWS70.068 SHEET
(SPECIMEN 33)

Mc~onnel Akualt Copany

SPECIMEN IDENTIFICATIONs 33
MATERIAL DESCRIPTIONt C867 HIGH STRINGTN ALUMINUM SKEET
SPECIMEN TYPEs C(T) (COMPACT SPECIMEN)
SPECIMEN ORIENTATION$ L-T
YIELD STRENGTHt 77.7 9S1
SPRCIMEN THICKIESS: 0.071 IN
SPECIMEN VIDTN: 4.002 in

APPLIED PNTSICAL Kr EFFECTIVE Kr
LOAD CRACK (UNCORRECTED) CRACK (CORRECTED)

LRUGT? LENGTH
(Ibs) (in) (psi fin) (In) (pSI fin)

920 1.509 44.397 1.565 46.045
940 1.533 46.066 1.594 47,9S6

1.000 1.545 49.395 1.615 51,743
1.020 1.548 50.476 1.6m, 52,997
1.060 1.565 S3,059 1.64s 56,046
1,100 1.569 55s1"6 1.659 58,602
1.140 1.573 57,349 1.672 61,243
1.180 FAILURE ......
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TABLE P12

R-CURVE DATA FOR CW67 0.063 SHEET
(SPECRMEN 34)

McOoneml Arraft COmny

SPECIMEN IDENTIFICATION: 34
MATERIAL DESCRIPTIONS C167 RION STREIOTR ALUMINUM SHEET
SPECIMEN TYPEt C(T) (COMPACT SP3CIMEE)
SPECIMEN ORZINTATIONS T-fL
YIELD STRENGTN: 63.3 KSI
SPECIMZN TRICKNESS: 0.071 IN
SPECIMEN VIDTH: 4.002 in

APPLIED PHYSICAL Kr EFFECTIVE Kr
LOAD CRACK (UNCORRECTED) CRACK (CORRECTED)

LENGTH LENGTH
(Ibs) (In) (pSi uIn) (In) (psi (In)

620 1.514 39,692 1.553 40.712
640 1.514 40,660 1.555. 41.761
860 1,516 41.677 1.559 42.867
660 1.519 42,754 1.565 44,046
900 1.519 43,726 1.567 45,113
920 1.524 44.803 1.S7S 46,346
940 1.524 45,616 1.577 47,430
960 1.525 46,811 1.560 46,537

1.000 1.525 48,762 1.565 50.730
1;020 1.526 49,766 1.590 51,692
1.040 1.526 50.762 1.S93 53.005
1.060 1.526 51,738 1.595 S4.125
1.080 1.529 52,766 1.601 55,336
1.120 1.529 S4.741 1.607 57,616
1.140 1.532 55,832 1.613 5.902
11160 1.534 56,893 1.619 60.164
1.180 1.534 S7,674 1.622 61,336
1,160 1.534 57,674 1.6a2 61,336
1,200 1.534 56,654 1.626 62,520
1.220 1.541 60,117 1.636 64,063
1,260 1.544 62.210 1.648 66,640
1,260 1.546 66,272 1.654 67,979
1,300 1.546 64.260 1.659 69,226
1,320 1.548 65.321 1.665 70.584
1,340 1.562 66.926 1.666 72,6"2
1.360 1.562 66,923 1.695 75.318
1.400 1.571 70.341 1.711 77.2,S
1.,420 1.SS 71.52 1.7a2 76.,913
1,440 1.S76 72,679 1.730 60.4865
1,460 1.576 73,6"9 1.735 81,907
1.468 FAILURE ....- -.-
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TABLE P13

R-CURVE DATA FOR CW67 0.063 SHEET
(SPECIMEN 35)

McDc -mel Acrtt Compaeny

SPECINEN IDENTIFICATION: 35
NAT•lIAL DESCRIPTIOXI CV67 HIGH STRNIGTN ALUMINUM SHEET
SPECIMEN TYPE: C(T) (COMPACT SPECIMEN)
SPECIMEN ORIEETATIONs T-L
YIZELD STIENOTHs 62.3 KSI
SPECINEN THICKNESSt 0.071 IN
SPECIMEN WIDTNt 4.001 in

APPLIZED PNYS3CAL Kr EPTECTIVE Kr
LOAD CRACK (UNCOREECTED) CRACK (CONEECTED)

LENGTH LENGTH
(Ibs) (in) (pal f in) (in) (pa1 u1n)

600 1.501 38,420 1.537 39.340
660 1.505 41,420 1.548 42,.85
660 1.505 42,363 1.550 43,636
900 1.505 43,346 1.552 44,692
920 1.505 44,310 1.555 45,753
940 1.507 4S,320 1.559 46,871
960 1.507 46,264 I.561 47,943
960 1.507 47,246 1.563 49,021

1.000 1.509 46,260 1.566 50,156
1,020 1.509 49,22S 1.570 51.246
1.040 1.514 50,363 1.579 52.544
1.060 1.517 51,449 1.585 53,788
1.080 1.517 52.419 1.566 54,906
1.100 1.521 53.526 1.59S 56,191
1.120 1.521 54.499 1.596 57.326
11140 1.521 55.472 1.602 56,471
1.160 1.521 S6.44S 1.605 59,623
1,180 1.523 57,462 1.610 60,860
1,200 1.523 58.456 1.613 62.031
1,220 1.523 59,430 1.617 63,210
1,240 1.523 60,405 1.620 64,390
1,260 1.643 66,427 1.765 72,199
1.280 1.643 67,482 1.770 73,566
1.300 1.643 60,536 1.775 74,994
1.320 1.650 69,917 1.769 76,861
1,340 1.665 71,679 1.813 79,365
1,360 1.665 72,749 1.818 60,873
1.380 1.671 74,137 1.832 62,893
1,388 FAUIU ....
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FIGURE P1. R-CURVE DATA for CW67 0.063 Inch Sheet (L-T Orientation).
Martin Marietta.
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FIGURE P2. R-CURVE EFFECTIVE CRACK LENGTH ADJUSTED for PLASTIC ZONE
(L-T Orientation).
Martin Marietta.
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TABLE P14

R-CURVE DATA ASSOCIATED WITH FIGURES P1 AND P2
(SPECIMEN 1)

Load, kips Half Crack Half Corresponding Fracture
Length Crack Length, Toughness. ksi inch
(a) inch (a + rho) Not Adjusted Adjusted

inch for Plasticity

0 2.485 2.485 0"0 0.0
2.50 2.485 2.487 8.3 7.8
4.25 2.485 2.490 14.1 13.2
6.40 2.500 2.512 21.3 21.4

8.45 2.520 2.541 28.3 28.4
11.10 2.535 2.571 37.3 37.6
13.35 2.565 2.619 45.2 45.8
16.30 2.615 2.698 55.9 56.9
19.25 2.615 2.733 66.1 67.7
20.75 2.645 2.785 71.8 73.8
21.50 2.710 2.866 75.6 77.9
22.15 2.710 2.893 78.1 80.7
22.60 2.800 2.982 81.2 84.0
23.00 2.865 3.060 83.9 87.0
22.85 3.105 3.327 88.3 92.9
22.90 3.365 3.620 94.0 99.5

Thickness = .058 inches
Yield Strength = 78.6 ksi
Specimen Width = 15.50 inches
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TABLE P 15

R-CURVE DATA ASSOCIATED WITH FIGURES PI and P2

(SPECIMEN 2)

Load, kips Half Crack Half Corresponding Fracture
Length Crack Length Toughness. ksi inch

(a), inch (a + rho), Not Adjusted Adjusted
inch for Plasticity

0 2.490 2.490 0.0 0.0
2.8 2.490 2.492 8.2 7.7
5.4 2.490 2.496 15.8 15.8
8.2 2.525 2.540 24.2 24.3

10.8 2.535 2.562 31.9 32.1
13.5 2.555 2.597 40.1 40.5
16.0 2.555 2.615 47.5 48.1
19.3 2.590 2.680 57.4 58.9
20.2 2.590 2.688 60.5 61.8
21.8 2.625 2.742 65.9 67.5
23.7 2.685 2.829 72.7 74.9
24.4 2.685 2.839 74.9 77.2
24.7 2.780 2.945 77.6 80.1
25.1 2.780 2.951 78.9 81.5
26.1 2.870 3.065 83.8 86.9
26.5 2.905 3.109 85.8 89.1
27.2 2.975 3.205 89.6 94.4
27.4 3.075 3.321 92.4 97.7
27.6 3.100 3.353 93.6 99.1

Thickness - 0.066 inches
Yield Strength = 78.6 ksi
Specimen Width - 15.50 inches
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FIGURE P3. FATIGUE CRACK GROWTH RATE DATA for CW67 0.063 Sheet
(L-T Orientation, R=0. 1, Lab Air, Room Temperature and Specimen #6)
McDonnell Aircraft Company.
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APPENDIX Q

CW67 PLATE
0.4"XI6"X48"

INTRODUCTION

The Alcoa P/M aluminum alloy CW67 0.4 inch plates were received April 1989. Only

Martin Marietta tested the CW67 plate.

Tensile and toughness tests were generated according to ASTM standards, unless
otherwise specified.
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TALS 01

TINSILS R3SULTS FOR ALCOA

CM67 PLATE (0.4- 16- X 4S-)

COMPANY TEST ORIZNT- ULTIMATE YIELD ELONG iA 3
Taw ATION STREGUM STRENM (s) (0) (Sol)

(DGRES F) (KS!) (KS!)

MARTIN RT LONG 81.8 79.1 11.0 18.1 9.8
MAXIETTA, 81.1 77.2 13.0 23.1 9.8
LOUISIANA 82.0 78.4 12.5 24.7 9.9

AVE•RhG 81.6 78.2 12.2 22.0 9.8

STANDARD DEVIATION 0.5 1.0 1.0 3.4 0.1

TABLZ Q2

TENSILE RESULTS FOR ALCOA

CV67 PLATE (0.4- X 16- X 48-)

COMPANY TEST ORIENT- ULTIMATE YINLI ELONG RA E
TEMP ATION STRNG STRNGTH (5) (t) (HSI)

(DEGREES F) (KSI) (KSI)
------------------------------------------ ------------
MARTIN RT L TRANS 88.8 84.6 6.0 S.6 9.9
MARIETTA, 87.8 83.8 6.0 6.1 10.3
LOUISIANA 86.9 83.6 6.5 6.6 10.1

AVERAGE 87.8 84.0 6.2 6.1 10.1

STANDARD DEVIATION 1.0 0.5 0.3 0.5 0.2
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TABLE Q3

R-CURVE DATA ASSOCIATED WITH FIGURES Q1 AND 02
(SPECIMEN 1)

Load. kips Half Crack Hoff Co mlzpono FractureLength Crack Length T(ho .i k/inch
(a), inch (a + rho), Not Adjusted Aqusted

Inch for Pksfty

0 2.475 2.475 0.0 0.0
16.1 2.475 2.476 7.8 7.3
34.3 2.500 2.507 16.8 16.8
50.2 2.503 2.546 24.7 24.8
50.2 2.506 2.576 24.7 25.0
68.5 2.507 2.596 34.0 34.3
86.6 2.600 2.650 43.4 43.9

103.4 2.650 2.724 52.5 53.3
108.0 2.680 2.762 55.2 56.2
114.8 2.735 2.831 59.2 60.7

Thickness - 0.396 inches
Yield Strength - 78.2 ksi
Specimen Width = 15.49 inches
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TABLE 04

R-CURVE DATA ASSOCIATED WITH FIGURES QI and 02
(SPECIMEN 2)

Load, kips Half Crack Half Corresponding Fracture
Length Crack Length Taumhnoss. kal ,neh
(a), inch (a + rho), Not Adjusted Adjusted

inch for Plast

0 2.500 2.501 0.0 0.0
15.0 2.500 2.540 7.3 6.8
29.9 2.535 2.548 14.6 13.6
45.5 2.535 2.558 22.2 22.3
60.1 2.535 2.596 29.3 29.5
75.2 2.560 2.609 36.9 37.2
90.3 2.570 2.634 44.4 44.8
91.5 2.580 2.656 44.4 45.7

100.6 2.590 2.682 49.8 50.5
104.3 2.610 2.688 51.8 52.6
108.1 2.610 2.691 53.7 54.6
110.5 2.610 2.721 54.9 55.9
116.3 2.630 2.777 58.1 59.2
121.1 2.675 2.850 61.2 62.4
123.8 2.740 3.196 63.6 65.0
127.1 3.060 3.264 70.5 72.2
129.0 3.120 3.425 72.5 74.4
129.0 3.270 3.481 75.1 77.1
129.8 3.320 3.481 76.5 78.6

Thickness -0.396 inches
Yield Strength - 78.2 ksi
Specimen Width = 15.50 Inches
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APPENDIX R

CW67 EXTRUSION
1.5"X4.5"X36"

INTRODUCTION

The Alcoa P/M aluminum alloy 1."x4.5"x36" extrusions were received August 1987.
LTV, McDonnell Aircraft Company and the Air Force tested the CW67 extrusion material.

Mechanical properties (tension, compression, shear, bearing, and fracture toughness), and
constant amplitude fatigue crack growth tests were generated according to ASTM standards,
unless otherwise specified.

Spectrum fatigue crack growth rate tests were performed by the Air Force using
FALSTAFF (a severe fatigue environment) and Mini-TWIST (a moderately intense fatigue
environment) spectrums.
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TABLE RI

TENSILE RESULTS FOR

ALCOR C167 EXTRUSION

COMPANY TEST ORIENT- ULTIMATE YIELD ELOSS RA a

Two ATION aZRuGTR STRUMGTH (t) (M) (Hl)
(DEGREES F) (KSi) (KSi)

LTV RT LONG 86.4 81.3 10.5 10.2
85.9 81.3 11.4 10.0
85.9 81.3 12.3 9.9
85.5 78.6 12.3 9.4
86.1 80.4 11.7 9.5

AIR FORCE RT LONG 89.1 84.9 10.0 28.0
86.2 81.5 9.5 27.0
85.5 80.6 15.2 28.7

MCAIR RT LONG 86.0 81.5 10.0 35.0 14.3
83.0 79.0 14.0 38.0 13.4
82.5 77.5 12.0 36.0 13.7

AVERAGE 85.6 80.7 11.7 32.1 11.3

STANDARD DEVIATION 1.7 1.9 1.7 4.7 2.1

TABLE R2

TENSILE RESULTS FOR

ALCOA CW67 EXTRUSION

COMPANY TEST ORIENT- ULTIMATE YIELD ELONG RA E
TEMP ATION STRENGTH STRENGTH (%) (%) (HSI)

(DEGREES F) (KSI) (KSI)

LTV RT L TRANS 80.9 75.0 10.0 10.0
81.0 75.0 12.0 11.1
81.6 71.0 11.2 12.9
80.9 72.3 9.1 11.0
80.9 10.9 12.9

AIR FORCE RT L TRANS 82.5 77.4 10.0 26.0
83.1 78.2 10.7 35.0
82.3 76.7 8.4 20.4

MCAIR RT L TRANS 81.5 76.5 12.0 32.0 14.0
81.0 72.0 10.0 27.0 14.0
81.5 76.0 15.0 35.0 13.6

AVERAGE 81.6 75.0 10.8 29.2 12.4

STANDARD DEVIATION 0.8 2.5 1.8 5.8 1.5
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TABLE R3

COMPRESSION RESULTS FOR

ALCOA CT67 EXTRUSION

COMPANY TEST ORIENTATION COMPR8SSIVE COMPRESS IVE
TEMPERATURE YIELD STRENOTH MODULUS
(DEGREZS F) (KIi) (KIS)

MCAIR RT LONG 78.5 10.8
80.0 10.9
79.5 11.0

AVERAGE 79.3 10.9

STANDARD DEVIATION 0.8 0.1

TABLE R4

COMPRESSION RESULTS FOR

ALCOA CW67 EXTRUSION

COMPANY TEST ORIENTATION COMPRESSIVE COMPRESSIVE
TEMPERATURE YIELD STRENGTH MODULUS
(DEGREES F) (KSI) (MSI)

-------------------------------------------------------------------
MCAIR RT L TRANS 80.0 11.2

74.0 10.8
79.0 10.8

AVERAGE 77.7 10.9

STANDARD DEVIATION 3.2 0.2
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TABLE R5

IOSIPESCU SHEAR RESULTS FOR

ALCOR CW67 EXTRUSION

COMPANY ORIENTATION SHEAR
STRENGTH

(KSI)

LTV LONG 49.8
50.0
49.9
48.1
48.7
50.7

AVERAGE 49.5

STANDARD DEVIATION 1.0

TABLE R6

IOSIPESCU SHEAR RESULTS FOR

ALCOA CW67 EXTRUSION

COMPANY ORIENTATION SHEAR
STRENGTH

(KSI)

LTV L TRANS 51.5
51.2
51.5
48.9
48.6
51.0

AVERAGE 50.5

STANDARD DEVIATION 1.3
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TABLE R7

AMSLER DOUBLE SHEAR RESULTS FOR

ALCOA CN67 EXTRUSION

COMPANY ORIENTATION SHEAR
STRENGTH

(KS!)

MCAIR L - S 52.1
48.3
48.5

AVERAGE 49.6

STANDARD DEVIATION 2.1
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TABLE R8

BEARING RESULTS FOR

ALCOA CW67 EXTRUSION

COMPANY ORIENTATION e/D BEARING BEARING
ULT. sTE. YIELD STR.

(tSI) (1I)

LTV LONG 1.5 124.0 103.0
123.0 104.0
126.0 106.0

MCAIR LONG 1.5 126.9 112.1
122.9 107.2

AVERAGE 124.6 106.S

STANDARD DEVIATION 1.8 3.6

TABLE R9

BEARING RESULTS FOR

ALCOA CW67 EXTRUSION

COMPANY ORIENTATION e/D BEARING BEARING
ULT. STR. YIELD STR.

(1si) (Ksi)

LTV L TRANS 1.5 122.0 109.0
123.0 108.0
129.0 112.0

MCAIR L TRANS 1.S 123.7 107.4
121.7 105.7

AVERAGE 123.9 108.4

STANDARD DEVIATION 3.0 2.3
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TABLE RIO

BEARING RESULTS FOR

ALCOA CW67 EXTRUSION

COMPANY ORIENTATION O/D BEARING BEARING
ULT. STR. YIELD STh.

(KSI) (KS!)

LTV LONG 2.0 158.0 118.0
155.0 126.0
156.0 121.0

NCAIR LONG 2.0 174.2 144.4
171.0 139.0

AVERAGE 162.8 129.7

STANDARD DEVIATION 9.0 11.5

TABLE Rl1

BEARING RESULTS FOR

ALCOA CW67 EXTRUSION

COMPANY ORIENTATION e/D BEARING BEARING
ULT. STR. YIELD STR.

(KSI) (KSI)

LTV L TRANS 2.0 153.0 122.0
162.0 129.0
156.0 124.0

MCAIR L TRANS 2.0 170.7 141.3
171.1 140.5

AVERAGE 162.6 131.4

STANDARD DEVIATION 8.3 9.1
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TABLE R12

FRACTURE TOUGHNESS RESULTS FOR

ALCOA CM67 EXTRUSION

COMPANY ORIENTATION KIC Kq CONMMNT
(KS I in-O.S) (KSI £n"0.5)

LTV L-T 24.1 VALID
22.4 VALID
21.7 VALID

AIRl FORCE L-T 45.3 VALID
46.9 VALID
44.1 VALID

MCAIR L-T 29.4 VALID
29.0 VALID

AVERAGE 32.9

STANDARD DEVIATION 10.8

TABLE R13

FRACTURE TOUGHNESS RESULTS FOR

ALCOA CW67 EXTRUSION

COMPANY ORIENTATION KIC Kq COMMENT
(KSI inAO.5) (KSI inAO.5)

---- ----------------------------------------------------------------
LTV T-L 38.5 (1)

36.1 (1)
42.2 (1)

AIR FORCE T-L 26.7 VALID
27.2 VALID

MCAIR T-L 18.5 VALID
18.8 VALID

AVERAGE 22.8 38.9

STANDARD DEVIATION 4.8 3.1

(1): INVALID DUE TO UNSYMMETRIC CRACK FRONT CURVATURE
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TABLE R14

FRACTURE TOUGHNESS RESULTS FOR

ALCOA CW67 EXTRUSION

COMPANY ORIENTATION KIC Kq comEmNT
(15I £n'0.5) (KlI £nWO.S)

MCRAIR S-T 20.5 VALID
21.2 VALID

AVERAGE 20.9

STANDARD DEVIATION 0.5

TABLE RIS

FRACTURE TOUGHNESS RESULTS FOR

ALCOA CW67 EXTRUSION

COMPANY ORIENTATION KIC Kq COMMENT
(KSI LnAO.5) (KSl inAO.S)

MCAIR S-L 33.0 VALID

AVERAGE 33.0

STANDARD DEVIATION 0.0
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FIGURE Ri. FATIGUE CRACK GROWTH RATE DATA for CW67 Extrusion
(L-T Orientation, R=0.1, Lab Air and Room Temperature).
McDonnell Aircraft Company.
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FIGURE R2. FATIGUE CRACK GROWTH RATE DATA for CW67 Extrusion
(L-T Orientation, R-0.33, Lab Air and Room Temperature).
McDonnell Aircraft Company.
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FIGURE R4. FATIGUE CRACK GROWTH RATE DATA for CW67 Extrusion
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APPENDIX S

CW67 HAND FORG1•'f
2.5"X6"XI8"

INRQODUCTION

The Alcoa P/M aluminum alloy CW67 2.5"X6"X 18" hand forgings were received
October 1988. Martin Marietta and the Air Force tested the CW67 forging.

Mechanical properties (tension, compression, shear, bearing and fracture toughness), and
constant amplitude fatigue crack growth tests were generated according to ASTM standards,
unless otherwise specified.

Spectrum fatigue crack growth rate tests were performed by the Air Force using
FALSTAFF (a severe fatigue environment) and Mini-TWIST (a moderately intense fatigue
environment) spectrums.

519



TABLE S5

TENSILE RESULTS FOR

ALCOA CW67 FORGING

COMPANY TEST ORIENT- ULTIMATE YIELD ELONG RA E
TEMP ATION STRENGTH STRENGTH (M) (M) (MSI)

(DEGREES F) (KSI) (KSI)

MARTIN RT LONG 87.2 84.0 13.0 29.6
MARIETTA, 83.1 75.9 15.0 39.7
LOUISIANA 85.0 82.5 14.0 27.6

AIR FORCE RT LONG 88.0 83.6 13.0 39.7
82.2 78.6 13.8 47.9
85.4 80.7 12.7 34.5
84.6 80.1 12.1 46.9

AVERAGE 85.1 80.8 13.4 38.0

STANDARD DEVIATION 2.1 2.9 1.0 7.9

TABLE S2

TENSILE RESULTS FOR

ALCOA CW67 FORGING

COMPANY TEST ORIENT- ULTIMATE YIELD ELONG RA
TEMP ATION STRENGTH STRENGTH (M) (M) (MSI)

(DEGREES F) (KSI) (KSI)
----- --------------------------------------------------------------
MARTIN RT L TRANS 79.1 73.4 12.0 17.6
MARIETTA, 78.8 73.0 14.0 25.5
LOUISIANA 79.4 74.0 17.0 42.5

AIR FORCE RT L TRANS 82.4 77.2 13.9 40.1
83.0 77.0 10.2 25.3
83.2 77.2 13.5 38.9
82.3 75.4 13.0 32.6

AVERAGE 81.2 75.3 13.4 31.8

STANDARD DEVIATION 2.0 1.9 2.1 9.3
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TABLE 53

TENSILE RESULTS FOR

ALCOA CW67 FORGING

COMPANY TEST ORIENT- ULTIMATE YIELD ELONG RA 3
TEMP ATION STRENGTH STRENGTH (%) (%) (MSI)

(DEGREES F) (KSI) (KSI)

MARTIN RT S TRANS 78.7 72.4 12.0 32.7
MARIETTA, 77.9 71.5 11.0 32.7
LOUISIANA 77.5 70.8 14.0 36.0

AIR FORCE RT S TRANS 85.7 79.3 6.8 18.1
43.8 43.8 9.1 23.1

AVERAGE 72.7 67.6 10.6 28.5

STANDARD DEVIATION 16.5 13.7 2.7 7.6
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TABLE S4

COMPRESSION RESULTS FOR

ALCOA CW67 FORGING

COMPANY TEST ORIENTATION COMPRESSIVE COMPRESSIVE
TEMPERATURE YIELD STRENGTH MODULUS
(DEGREES F) (KSI) (MSI)

MARTIN RT LONG 82.9 10.6
MARIETTA, 81.9 10.6
LOUISIANA 81.4 10.6

AIR FORCE RT LONG 81.0
79.4
77.3
76.4

AVERAGE 80.0 10.6

STANDARD DEVIATION 2.4 0.0

TABLE S5

COMPRESSION RESULTS FOR

ALCOA CW67 FORGING

COMPANY TEST ORIENTATION COMPRESSIVE COMPRESSIVE
TEMPERATURE YIELD STRENGTH MODULUS
(DEGREES F) (KSI) (MSI)

MARTIN RT L TRANS 78.6 10.8
MARIETTA, 78.8 11.0
LOUISIANA 79.6 11.0

AIR FORCE RT L TRANS 81.6
82.5
81.5
80.0

AVERAGE 80.4 10.9

STANDARD DEVIATION 1.5 0.1
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TABLE S6

COMPRESSION RESULTS FOR

ALCOA CW67 FORGING

COMPANY TEST ORIENTATION COMPRESSIVE COMPRESSIVE
TEMPERATURE YIELD STRENGTH MODULUS
(DEGREES F) (KSI) (MSI)

MARTIN RT S TRANS 80.1 10.7
MARIETTA, 82.1 10.8
LOUISIANA 80.2 10.8

AVERAGE 80.8 10.8

STANDARD DEVIATION 1.1 0.1
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TABLE S7

PIN SHEAR RESULTS FOR

ALCOA CW67 FORGING

COMPANY ORIENTATION SHEAR STRENGTH
(KSI)

AIR FORCE LONG 50.0
50.1
50.2
49.8

AVERAGE 50.0

STANDARD DEVIATION 0.2

TABLE S8

PIN SHEAR RESULTS FOR

ALCOA CW67 FORGING

COMPANY ORIENTATION SHEAR STRENGTH
(KSI)

AIR FORCE L TRANS 49.2
49.8
49.5
49.7

AVERAGE 49.5

STANDARD DEVIATION 0.3
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TABLE S9

BEARING RESULTS FOR

ALCOA CW67 FORGING

COMPANY ORIENTATION e/D BEARING BEARING
ULT. STRENGTH YIELD STRENGTH

(KSI) (KSI)

AIR FORCE LONG 1.5 137.9 122.3
137.3 118.8
131.2 118.9

AVERAGE 135.5 120.0
STANDARD DEVIATION 3.7 2.0

L TRANS 1.5 136.0 123.0
137.4 130.5
132.4 128.2

AVERAGE 135.2 127.2
STANDARD DEVIATION 2.6 3.8

LONG 2.0 165.5 118.0
164.9 77.8
162.7 104.1

AVERAGE 164.3 100.0
STANDARD DEVIATION 1.5 20.5

L TRANS 2.0 166.4 103.1
168.1 117.5
162.1 99.9

AVERAGE 165.5 106.8
STANDARD DEVIATION 3.1 9.4
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TABLE Slo

FRACTURE TOUGHNESS RESULTS FOR

ALCOA CW67 FORGING

COMPANY ORIENTATION KIC Kq COMMENT
(KSI inAO.5) (KSI inAO.5)

MARTIN L - T 44.8 VALID
MARIETTA, 35.9 INVALID(1)
LOUISIANA

AIR FORCE L - T 28.8 INVALID(2)
34.4 INVALID(2)

AVERAGE 44.8 33.0

STANDARD DEVIATION 0.0 3.8

(1): a/lW > 0.55
(2): EXCESSIVE CRACK FRONT CURVATURE

TABLE 811

FRACTURE TOUGHNESS RESULTS FOR

ALCOA CW67 FORGING

COMPANY ORIENTATION KIC Kq COMMENT
(KSI inAO.5) (KSI inA0.5)

MARTIN L - S 46.7 INVALID(1)
MARIETTA, 52.5 INVALID(1)
LOUISIANA 38.6 VALID

AVERAGE 38.6 49.6

STANDARD DEVIATION 0.0 4.1

(1): a/w > 0.55
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TABLE 812

FRACTURE TOUGHNESS RESULTS FOR

ALCOA CV67 FORGING

COMPANY ORIENTATION KIC Kq COMMENT
(1s8 inA0.5) (K8I in"0.5)

MARTIN T - L 25.0 VALID
MARIETTA, 21.6 VALID
LOUISIANA

AIR FORCE T - L 21.0 INVALID(1)
18.6 INVALID (1)
22.5 INVALID(1)

AVERAGE 23.3 20.7

STANDARD DEVIATION 2.4 2.0

(1): EXCESSIVE CRACK FRONT CURVATURE

TABLE S13

FRACTURE TOUGHNESS RESULTS FOR

ALCOA CW67 FORGING

COMPANY ORIENTATION KIC Kq COMMENT
(KSI iný0.5) (KS1 in^0.5)

MARTIN T - S 21.3 VALID
MARIETTA, 23.5 INVALID(1)
LOUISIANA

AVERAGE 21.3 23.5

STANDARD DEVIATION 0.0 0.0

(1): a/W > 0.55
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TAiULK 14

FRACTURE TOUGHIRSS RESULTS FOR

ALCOA CV67 FORGING

COMPANY ORIENTATION KIC Eq CqOIEET
(ESI LnAO5.) (ESI inAOO5)

AIR FORCE S - T 20.9 INVALID(1)
25.3 INVALID(1)
23.6 INVALID(l)

AVERAGE 23.3

STANDARD DEVIATION 2.2

(1)-: EXCESSIVE CRACK FRONT CURVATURE
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